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Materiais com gradientes funcionais são muito interessantes para a 
otimização das propriedades mecânicas de componentes de engenharia. Ligas de 
titânio apresentam grande variação no módulo de elasticidade em função das fases 
presentes e de tratamentos térmicos. A existência de ligas de titânio com valores 
significativamente diferentes abre a possibilidade de fabricação de peças com 
gradiente de rigidez. Um possível uso para peças com gradiente de rigidez é na 
fabricação de implantes e próteses. A redução no módulo de elasticidade de próteses 
e implantes pode ser um possível fator na redução do chamado efeito de blindagem 
de tensões. Neste trabalho, propõe-se o uso de um tratamento térmico a laser para 
solubilizar a superfície de ligas de titânio envelhecidas para se obter uma camada 
solubilizada, com diferente módulo de elasticidade, mantendo inalterado o valor do 
módulo de elasticidade da estrutura envelhecida no núcleo da peça. Três ligas foram 
estudadas: Ti-8Mo, Ti-8Mo-6Sn e Ti-30Nb-1Fe. Primeiramente, foram obtidos cordões 
isolados utilizando diferentes potências de laser a fim de encontrar o conjunto de 
parâmetros necessários para aquecer a superfície da amostra, evitando a presença 
de zona de fusão. Em uma segunda etapa, tratamentos contínuos foram obtidos nas 
amostras através da sobreposição de cordões e simulações por elementos finitos 
foram realizadas para estimar os ciclos térmicos dos tratamentos a laser. Difração de 
raios-X, microscopia de luz visível, microscopia eletrônica de varredura, microscopia 
eletrônica de transmissão e indentação instrumentada foram as técnicas utilizadas 
para avaliar o efeito da transformação de fases sobre a dureza e o módulo de 
elasticidade nas ligas após os tratamentos a laser. Verificou-se que a liga Ti-30Nb-
1Fe não mostrou redução no módulo de elasticidade, o que se atribui à formação da 
fase ω atérmica em uma matriz de fase β durante o resfriamento da camada tratada 
após a passagem do laser. Por outro lado, as ligas Ti-8Mo e Ti-8Mo-6Sn exibiram uma 
redução no módulo de elasticidade na camada tratada com laser e as fases 
encontradas neste caso foram fase β e martensita α”. Nessas duas ligas obteve-se a 
camada menos rígida almejada. 
Palavras-chave: Titânio, Laser, Tratamento Térmico de Envelhecimento, Tratamento 




Materials with functional gradients are very interesting for the optimization 
of mechanical properties of engineering parts. Titanium alloys show significative 
variation in elastic modulus as a function of phases present and heat treatments. The 
existence of titanium alloys with significantly different values opens the possibility of 
manufacturing parts with stiffness gradient. One possible application for parts with 
functional gradients is in the manufacture of implants and prostheses. The reduction 
in the elastic modulus of prostheses and implants may be a possible factor in reducing 
the so-called stress shielding effect. In this work, it is proposed to use a laser heat 
treatment to solubilize the surface of previously aged titanium alloys to obtain a layer 
with lower elastic modulus while maintaining the high elastic modulus on the core of 
the part. Three alloys were studied: Ti-8Mo, Ti-8Mo-6Sn and Ti-30Nb-1Fe. Firstly, 
single laser tracks were obtained in different laser powers in order to find the set of 
parameters necessary to heat the surface of the sample avoiding the presence of 
fusion zone. In a second step, continuous treatments were obtained in the samples by 
track overlapping treatments and finite element analysis was performed to estimate 
the thermal cycle of the laser treatments. X-ray diffraction, visible microscopy, 
scanning electron microscopy, transmission electron microscopy and instrumented 
indentation were the techniques used to evaluate the effect of phase formation on the 
change of hardness and elastic modulus in a surface layer after laser treatment. It was 
verified that the Ti-30Nb-1Fe alloy showed no reduction in the elastic modulus which 
was attributed to the formation of athermal ω phase in a β phase matrix during the 
cooling of the treated layer after the passage of the laser. On the other hand, the Ti-
8Mo and Ti-8Mo-6Sn alloys exhibited a reduction in elastic modulus in the laser treated 
layer and the phases found in this case were β phase and α” martensite. In these two 
alloys the desired less-rigid layer was obtained. 
 
Keywords: Titanium, Functionally Graded Materials, Laser, Aging Heat Treatment, 
Solution Heat Treatment. 
  




α  Titanium hexagonal compact phase 
α’  Titanium hexagonal compact martensitic phase 
α”   Titanium orthorhombic martensitic phase 
β  Titanium body centered phase 
ω  Titanium hexagonal phase 
θ  X-ray incident angle 
 
Abbreviations 
VLM  Visible light microscopy  
SEM  Scanning electron microscopy 
TEM  Transmission electron microscopy 
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A mechanical project consists of several steps. Among them is the selection 
of materials (ASHBY, 2013). During this stage, there is often a necessity to meet 
requirements for antagonistic mechanical properties in the same part. This occurs, for 
example, in gears, shafts, and forming dies. The interior of these parts must be ductile 
to meet the need for fracture toughness. The surface, on the other hand, must possess 
high wear resistance. Given this need, several investigations are conducted to optimize 
the properties of the materials at specific part locations. 
The heat treatment of metals is an example of a process that can be applied 
to the material as a whole or only locally. When performed in a conventional furnace, 
these treatments promote the heating of the entire part, although limitations of the 
material's thermal conduction may lead to differences in heating rates and, above all, 
cooling rates between the interior and the surface of the part, especially in rapid 
cooling. However, some heat treatments can be applied locally, as in the classic 
example of flame hardening in steels, where only the outer layer of the part is treated 
(SILVA; MEI, 2008). 
Materials whose physical, chemical, or mechanical properties vary along 
their dimensions are called functionally graded materials (FGM). This concept was first 
proposed in Japan in 1984 in a project that aimed to create composite materials to be 
used in space shuttle fuselage. This composite would have a high temperature 
resistant ceramic material on one side while having a gradual compositional variation 
until it became a metal with high thermal conductivity on the inside of the part 
(KOIZUMI, 1996). 
Gradients of mechanical properties are found in natural materials such as 
bones, bamboos, and shells (LIU et al., 2017). It is also possible to find systems with 
functional gradients in the human body. The interface tissues are very important for 
bonding between different tissues, such as the enthesis that links the tendon, which is 
a flexible tissue, to the bone, which is a stiffer tissue (SOLA; BELLUCCI, CANNILLO, 
2016). Another example is the transition of the different tissues that make up the teeth, 
as shown in Figure 1.1. In this case, there is a transition region that provides a 
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continuous variation of both the elastic modulus and the hardness between the two 
tissues. 
 
Figure 1.1. Hardness and elastic modulus in the transition zone between dentin and 
enamel tissues in a molar tooth. The hardness curve is indicated by H and EM indicates 
the elastic modulus curve. Adapted from Marshall et al. (2001).  
 
In the medical field, studies with FGM indicate that the variation in the elastic 
modulus of femoral prostheses between the distal and proximal regions of the part may 
reduce the so-called stress shielding effect. This reduction can minimize bone losses 
near the prosthesis that are detrimental to implant fixation (AL-JASSIR; FOUAD; 
ALOTHMAN, 2013). 
Zhang et al. (2012) produced gradients of elastic modulus in alumina and 
zirconia using glass infiltration. The gradient obtained resulted in a smaller elastic 
modulus on the surface of the material that gradually increased to larger values in the 
interior. Using a flexural test, the authors found that the critical load to fracture the 
ceramic plates is higher in samples with the elastic modulus gradient than it is for the 
samples without a gradient. In a previous paper, the authors developed an analysis to 
explain that the transfer of the surface load to the interior in a material with an elastic 
modulus gradient reduces the stresses in the surface region where defects are 
generally found (ZHANG; MA, 2009). 
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In addition, according to Dwivedi (2018), “the failure in performance mostly 
begins from the surface or near-surface regions”. It is interesting, therefore, to propose 
treatments that aim to optimize the surface properties of materials. Following this line, 
Fogagnolo et al. (2013) proposed that obtaining a surface layer with a lower elastic 
modulus in titanium alloys could reduce the applied stress, thus helping to delay the 
nucleation and propagation of fatigue cracks. 
Several works aiming to create a gradient of elastic modulus on the surface 
of titanium and its alloys using laser have already been done in the Laser Materials 
Processing Laboratory at the School of Mechanical Engineering of Unicamp. Carvalho 
(2014) studied coatings produced by laser surface alloying (LSA) technique using 
niobium powder on top of commercially pure titanium plates and confirmed the 
reduction of elastic modulus to values down to 76 GPa while the average base metal 
(BM) value was 111 GPa. 
Subsequently, Salica-Leva (2016) also studied the production of coatings 
using the LSA technique on commercially pure titanium plates. Both niobium and 
molybdenum powders were used. The coatings that were obtained had an elastic 
modulus 30% smaller than those of the substrate. Silva (2016) studied the laser 
surface melting (LSM) and LSA techniques in sintered Ti-Mo and Ti-Nb alloys. The 
smallest elastic modulus was obtained on the surface of the alloys produced with Nb 
powder. This process resulted in modules of 70 to 80 GPa. Finally, Fanton (2017) 
studied the effect of cold rolling on a Ti-30Nb-4Sn alloy. Samples with up to 85% 
deformation were obtained. This process was responsible for a reduction in the elastic 
modulus of the alloy. This result was attributed to the increase of dislocations and 
defects introduced in the crystal lattice of the material caused by deformation. Using 
LSM, the elastic modulus of the surface was restored to values close to those of the 
undeformed sample. 
In this work, the obtainment of surface stiffness gradient by a laser solution 
treatment in aged Ti alloys was studied. The formation of a fusion zone, which is 
characteristic of LSM and LSA, was avoided. The Ti-30Nb-1Fe, Ti-8Mo and Ti-8Mo-





This work aims to study the use of laser solution heat treatment in aged Ti 
alloys to obtain parts with an elastic modulus gradient in which the elastic modulus on 
the surface of the material is smaller than the modulus of the bulk. Three alloys were 
used: Ti-30Nb-1Fe, Ti-8Mo and Ti-8Mo-6Sn. Moreover, the laser solution heat 
treatment will be performed in the solid-state, i.e., without melting the material. To this, 
some partial objectives were defined: 
a) Obtain single laser tracks to determine the process parameters needed 
to heat the alloy surface without the occurrence of fusion zone.  
b) Obtain laser surface treatments by overlapping single tracks and 
determine the depth of solution heat treatment achieved. 
c) Evaluate the elastic modulus and Vickers hardness in depth profiles in 
parts after the laser treatments and analysis of the influence of the microstructure. 
d) Simulate the heating and cooling cycles in laser heat treatments by finite 
element analysis. 






3. LITERATURE REVIEW 
 
3.1. Physical metallurgy of titanium and its alloys 
 
Pure titanium (Ti) has three stable phases when considering the 
temperature and pressure at which it is subjected (Figure 3.1). At atmospheric 
pressure, only two phases are present: hexagonal compact α phase up to 882 °C (β-
transus temperature) and body-centered cubic β phase above that temperature and 
up to the melting temperature (1670 °C) (LÜTJERING; WILLIANS, 2007). The 
transformation to ω phase occurs when Ti is subjected to high pressures 
(VELISAVLJEVIC; MACLEOD; CYNN, 2012). 
 
Figure 3.1. Representation of the Ti phase diagram as a function of temperature and 
pressure based on literature works and produced by Velisavljevic, Macleod and Cynn 
(2012).  
 
The addition of alloying elements modifies the material's β-transus 
temperature. Elements that raise this temperature are called α stabilizers (Al, O, N, 
and C), while elements that lower this temperature are called β-stabilizers (V, Mo, Nb, 
Ta, Fe, Mn, Cr, and others). There are also elements classically considered as neutral 
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(Zr, Sn) that have little effect on the β-transus temperature. Furthermore, β-stabilizers 
are divided between those that form an isomorphic system and those that form a 
eutectoid system (Figure 3.2). 
 
Figure 3.2. Alloying elements effect on titanium phase diagram (LÜTJERING; 
WILLIANS, 2007).  
 
Another important feature of Ti and its alloys is the occurrence of martensitic 
transformation during the rapid cooling from the β phase field. For small additions of 
alloying elements, the martensite that is formed has a hexagonal compact crystalline 
structure (α’). Because of increasing solute content, a transition to an orthorhombic 
crystal structure (α”) occurs. According to Yan and Olson (2016) and Bönisch et al. 
(2016), this transition is related to the volume change associated with the β → α’ and 
β → α” transformations. In compositions with alloying elements that are below the 
transition composition, the α’ martensite is denser than the α” phase. Above the 
transition composition, the α” martensitic structure will be denser than the α' structure. 
The β → α” transformation requires a distortion of the β phase lattice and a coordinated 
movement of atoms by shuffling on a 〈110〉 β phase direction (BÖNISCH, 2004). 
Ti alloys can also form the ω phase. The ω phase can be formed in Ti alloys 
in three ways. The ω phase formation can occur athermally during rapid cooling. In this 
case, the ω phase that is formed has the same composition of the β phase from which 
it was originated. On the other hand, during heat treatments at temperatures between 
300 and 500 °C, ω phase formation can occur isothermally by diffusion of the alloying 
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elements. Finally, there is also the possibility of ω phase formation during cold work 
(ZHAO et al., 2012). The ω phase has a hexagonal crystal structure, and the lattice 
parameters of the structure may vary depending on the phase formation method and 
the alloy composition (DUBINSKIY et al., 2016). 
The formation of a biphasic field composed of α and β phases allows the 
titanium alloys to be submitted to solution heat treatments followed by rapid cooling 
and aging. This way, a microstructure composed of a β phase matrix and α phase 
precipitates can be obtained. The first image of Figure 3.3 shows a Ti-15V-3Cr-3Al-
3Sn alloy observed by visible light microscopy (VLM) in a solubilized state containing 
only β phase grains. The following images show the alloy at various stages of α phase 
precipitation during an aging heat treatment. 
 
Figure 3.3. Ti-15V-3Cr-3Al-3Sn alloy at various stages of aging heat treatment: (a) 
solution heat treated at 790 °C for 10 minutes, (b) aged for 2 h at 540 °C (c) aged for 
4 h, (d) aged for 8 h. Kroll’s reagent. (GAMMON et al., 2004). 
 
An important feature of Ti alloys is the large variation in the elastic modulus among its 
phases. Tane et al. (2013) measured the elastic modulus of the ω phase of pure Ti 
and compared it with the values of the α and β phases (Table 3.1). The authors used 
experimental data and computational simulations by first principles to obtain the elastic 
modulus of the phases. Note that the β phase is only stable at high temperatures in 
pure Ti, so it is not possible to make a direct comparison with the other phases without 






Table 3.1. Elastic modulus of the titanium phases (TANE et al. 2013). 
Phase Temperature (K) 
Isotropic elastic modulus 
(GPa) 
Method 
ω Ambient 152.8±0,6 Experimental 
ω 0 155 FP 
α Ambient 114.6 Experimental 
α 4 130.6 Experimental 
α 0 123 FP 
β 1293 65 Experimental 
β 1273 55 Experimental 
*FP = First principles. 
 
These characteristics of Ti and its alloys enable a wide variety of processing 
aimed to change its mechanical properties, especially an alteration in the elastic 
modulus of the material, as is the objective of this work. Niinomi et al. (1999) compiled 
the elastic modulus of some titanium alloys, and also produced other alloys to show 
the difference in the values of this mechanical property between the solubilized and 
the aged states (Table 3.2). 
Table 3.2. Elastic modulus of titanium alloys (NIINOMI et al., 1999). 
Chemical composition 
(wt.%) 
Elastic modulus (GPa) 
Solution treated Aged 
Ti-6Al-4V ELI 112 112 
Ti-13Nb-13Zr 64 - 77 81 
Ti-29Nb-13Ta-4.6Zr 65 84 
Ti-16Nb-13Ta-4Mo 91 113 
Ti-29Nb-13Ta 76 103 
Ti-29Nb-13Ta-4Mo 74 73 
Ti-29Nb-13Ta-2Sn 62 78 
Ti-29Nb-13Ta-4.6Sn 66 69 

















3.2. Brief historic of the alloys used in this work 
 
In this section, the alloys that were used in this work are briefly described 
based on other works published in the literature. 
 
3.2.1. Ti-8Mo and Ti-8Mo-6Sn alloys 
 
Ti-Mo alloys are widely studied and often used as a comparison standard 
for other titanium alloys. Therefore, the effect of the addition of β stabilizing alloying 
elements is compared using the molybdenum equivalent equation. The calculation is 
made using the amount of alloying element in weight percent multiplied by a factor that 
correlates each alloying element with the addition of molybdenum. Likewise, there is 
also the aluminum equivalent calculation in titanium alloys. In this case, the intention 
is to correlate the effect of α stabilizing elements with the addition of aluminum. Both 
equivalences are given in Equations (1) and (2) (LÜTJERING; WILLIAMS, 2003). 
(𝐴𝑙)𝑒𝑞 = (𝐴𝑙) + 10(𝑂) + 0.17(𝑍𝑟) + 0.33(𝑆𝑛) Equation (1) 
(𝑀𝑜)𝑒𝑞 = (𝑀𝑂) + 0.2(𝑇𝑎) + 0.28(𝑁𝑏) + 0.4(𝑊) + 0.67(𝑉) + 1.25(𝐶𝑟) +
1.25(𝑁𝑖) + 1.7(𝑀𝑛) + 1.7(𝐶𝑜) + 2.5(𝐹𝑒) Equation (2) 
 
Through these equations, the addition of other alloying elements can be 
compared with an equivalent Ti-Mo alloy to evaluate possible changes in the β-transus 
temperature of the alloy. In addition, this can be used to predict the presence of 
martensitic phases after solution heat treatments followed by quenching. 
The addition of molybdenum to titanium leads to a reduction in the β-transus 
temperature and the emergence of a biphasic field of α + β phases. Figure 3.4 shows 
the phase diagram of the Ti-Mo system calculated by Hu et al. (2018). The diagram 
shows the α, β and liquid phase fields and the metastable isothermal ω phase field 




Figure 3.4. Ti-Mo phase diagram adapted from Hu et al. (2018). 
 
After quenching from the β phase field, alloys with up to 4% of molybdenum 
(in wt%) exhibit the formation of an α’ martensite. Alloys with Mo additions above 4% 
and up to 10% exhibit the formation of an α” martensite (Table 3.3). 
Table 3.3. Lattice parameters of α’ and α” martensitic phases of Ti-Mo system. (DAVIS; 
FLOWER; WEST, 1979). 
Composition 
(wt.%) 
Phase a b c 
Ti-2Mo 
hexagonal α’ 
2.945  4.681 
Ti-4Mo 2.943  4.676 
Ti-6Mo 
orthorhombic α” 
2.965 5.045 4.662 
Ti-8Mo 2.994 4.990 4.664 
 
 
Tarzimonghadam et al. (2015) studied a Ti-4Mo (wt.%) at different heat 
treatments. The results show that the ductility and the yield strength of this alloy are 
very sensitive to its microstructure. After solution heat treatment at 950 °C followed by 
water quenching, the alloy showed the presence of massive and acicular α’ martensite 
with a small amount of β phase. Upon further aging heat treatment at 550 °C, the α’ 
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martensite is decomposed into α and β phases. The aged condition exhibit lower 
strength and higher ductility compared to the solution treated one. 
Mantani et al. (2004) studied the stability of the α” martensite in a Ti-8Mo 
alloy and observed the presence of this phase even after aging heat treatment at 450 
°C. At 650 °C, however, it was observed an α phase precipitation and consequent 
suppression of martensite needles in this alloy. Figure 3.5 shows the VLM and the 
respective XRD for each of these conditions. 
 
Figure 3.5. VLM and XRD showing: (a) and (b) α” martensitic phase in a Ti-8Mo alloy 
aged at 450 °C; (c) and (d) the formation of α phase precipitates at 650 °C (MANTANI 
et al., 2004). 
 
Mello et al. (2015) produced a Ti-8Mo, a Ti-8Mo-3Sn and a Ti-8Mo-6Sn 
alloy and studied them in both the solubilized and in aged conditions. The mechanical 
properties results show that the addition of tin leads to a reduction in the elastic 
modulus and hardness of the alloy in the solution heat-treated followed by water 
cooling state. Another important aspect is that the precipitation of the α phase during 
the aging heat treatment increases the hardness of each of these alloys. The variation 
of the elastic modulus in the solubilized state and in the aged state was evaluated for 
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the Ti-8Mo-3Sn alloy. The elastic modulus in this alloy showed a higher value in the 
aged condition compared to the solution treated sample (Table 3.4). 
Table 3.4. Vickers hardness and elastic modulus of the Ti-8Mo, Ti-8Mo-3Sn and Ti-
8Mo-6Sn alloys solution treated and aged at 600 °C (MELLO, 2014; *MELLO et al., 
2015). 
Alloy Solution treated + water 
quenching 
Aged at 600 °C/min for 2 h, 
heating rate of 2 °C/min 
Ti-8Mo   
     Vickers hardness 350±9 374±5* 
     Elastic modulus (GPa) 91±3 -- 
   
Ti-8Mo-3Sn   
     Vickers hardness 283±10 370±4 
     Elastic modulus (GPa) 86±2 109±7 
   
Ti-8Mo-6Sn   
     Vickers hardness 271±5 309±6 
     Elastic modulus (GPa) 78±2 -- 
 
3.2.2. Ti-30Nb-1Fe alloy 
 
Ti-Nb alloys are extensively studied due to the high biocompatibility of 
niobium and its influence on the reduction of the elastic modulus in solution treated 
titanium alloys. Figure 3.6 shows that the addition of Nb reduces the elastic modulus 
of Ti alloys until compositions of approximately 26%Nb due to the increased fraction of 
β phase. The addition of Nb above this composition leads to an increase in the elastic 
modulus since this range of compositions enables the formation of athermal ω phase. 
This tendency is maintained until a maximum point is reached and then the elastic 
modulus is reduced again because the formation of athermal ω phase is reduced 





Figure 3.6. Elastic modulus of Ti-Nb alloys furnace cooled to room temperature (HON; 
WANG; PAN, 2003). 
 
The addition of niobium to titanium leads to a reduction in the β-transus 
temperature and to the emergence of a biphasic field of α + β phases similar to the Ti-
Mo system. Figure 3.7 shows the phase diagram of the Ti-Nb system calculated by 
Zhang et al. (2001). The diagram shows the α and β phase fields and the metastable 






Figure 3.7. Ti-Nb phase diagram adapted from Zhang et al. (2001). 
 
Lopes (2013) and Lopes et al. (2016) studied the effect of iron addition on 
Ti-30Nb alloys to evaluate them as biomaterials. The results showed that the iron 
added alloys present the formation of athermal ω phase in the solubilized followed by 
water cooling condition. Due to the nanometer size of athermal ω phase precipitates, 
the authors used transmission electron microscopy (TEM) to investigate the presence 
of these precipitates. Figure 3.8 shows the electron diffraction pattern and the dark 
field image of the solution treated followed by water quenching Ti-30Nb-1Fe alloy. The 
ω phase precipitates are characterized by diffraction spots located at 1/3 and 2/3 of 
the distance between some β phase diffraction spots (Figure 3.8a). In dark field 
imaging, they appear as bright dots (Figure 3.8b). Furthermore, the addition of 1 to 3 
wt.% iron leads to a reduction in the size of α phase precipitates during aging heat 





Figure 3.8. TEM images of a solution treated Ti-30Nb-1Fe alloy shown the presence 
of ω phase. (a) Selected area electron diffraction and (b) dark field image (LOPES et 
al., 2016). 
 
Kobayashi et al. (2013) studied the aging temperatures favorable for the 
formation of α phase and isothermal ω phase in a Ti-20Nb alloy (at% equivalent to a 
Ti-29Nb alloy in wt.%). The authors found that aging heat treatments below 420 °C 
favors isothermal ω phase formation and suppresses α phase formation. On the other 
hand, when the sample is heated at temperatures above 420 °C, isothermal ω phase 
dissolution occurs. The dissolution of the isothermal ω phase also favors the nucleation 
of the α phase. Figure 3.9 shows the compilation of these results in the form of a phase 
transformation diagram as a function of temperature and aging time. 
 
Figure 3.9. Scheme showing the favorable fields for the formation of α and ω phases 




Costa (2015) studied both the elastic modulus and the Vickers hardness of 
the Ti-30Nb-1Fe alloy at different aging temperatures. The results showed that aging 
at 400 ºC for 1 h leads to an increase in both hardness and elastic modulus of the alloy 
in relation to its solubilized state. This same tendency, to a lesser extent, was found in 
aging treatments performed at 500 °C. However, there was no change in elastic 
modulus when the alloy was aged at 550 °C for 1 h. In addition, the hardness was 
reduced to lower values compared with the solubilized state (Table 3.5). 
Table 3.5. Vickers hardness and elastic modulus of a Ti-30Nb-1Fe alloy solution 
treated and aged at 550 °C (COSTA, 2015). 
Alloy 
Solution treated + 
water quenching 
Aged at 550°C/1 h, 
heating rate of 30 
°C/min 
Ti-30Nb-1Fe   
     Vickers hardness 266±9 226 
     Elastic modulus (GPa) 81±3 82±1 
 
3.3. Fiber laser and metal-laser interaction 
 
Fiber lasers are fabricated using doped fibers made from thermoplastic 
polymer or glass. The fiber is pumped by diode lasers. In this type of equipment, the 




Figure 3.10. Basic structure of a fiber laser. (STEEN; MAZUNDER, 2010). 
 
During laser treatment, the target material is struck by the photons of the 
laser beam, which promote the excitation of free or bound electrons that are raised to 
higher energy states. In the case of the most commonly used lasers, what happens is 
the scattering of electrons by the lattice defects (DRAPER; MAZZOLDI, 2012), the 
energy is then dissipated as heat by collisions with the lattice phonons and other 
electrons or the energy is returned by a spontaneous emission (BASS, 2012). 
Specifically for laser-metal interaction, as the wavelength is reduced, the 
photons are more easily absorbed by the metal, increasing the absorptivity of the 
material as shown in Figure 3.11 (STEEN; MAZUNDER, 2010). When a CO2 laser is 
used to perform a heat treatment, it is important to apply a layer of a high absorptivity 
material to increase the absorption of energy supplied by the laser and thus optimize 
the heat treatment. When a fiber laser is used, however, it is not necessary to use 
more absorbent coatings since the optical absorption for this wavelength is much 





Figure 3.11. Optical absorption of metals as a function of wavelength (GIBSON, 
ROSEN, STUCKER, 2010). 
 
Figure 3.12 shows how the shape of the laser beam intensity profile 
influences the heat-treated region. Besides the shape, the size of the laser beam also 
plays an important role in the process result. In fact, the smaller the laser beam, the 
more overlapping regions will be obtained during a laser surface treatment. One way 
to reduce this problem is by defocusing the laser beam to achieve a larger laser beam 
spot size (TOTTEN, 2006). 
 
Figure 3.12. Influence of the laser beam intensity profile on the cross section of the 





3.4. Laser heat treatment 
 
Laser has a wide range of applications such as length and velocity 
measurements, biomedical applications and isotope separation (STEEN; 
MAZUMDER, 2010). Regarding material processing, the proper choice of process 
parameters allows from surface heating to material vaporization. Figure 3.13 shows a 
classification of laser processes commonly used. According to Majundar and Manna 
(2003), the classification between processes with and without change of physical state 
of matter is interesting from an academic point of view, however, from a practical point 
of view, the processes are divided between forming, joining, machining and surface 
engineering. Also noteworthy is the significant use of laser in additive manufacturing, 









The laser surface heat treatment is widely applied to steels. It is also known 
as surface hardening treatment. It is used in the industry to increase the surface 
hardness of this metal, consequently increasing some properties such as wear 
resistance and fatigue life. Some advantages of this process over similar alternatives 
are better control of the heated area, automation and less or no need for further 
machining (STEEN; MAZUNDER, 2010). 
The relationship between heat input and temperature-induced phase 
transformations on a carbon steel within the laser-affected region is shown in Figure 
3.14. The approximate temperature achieved during the laser treatment can be 
estimated with the aid of a phase diagram of the material. Figure 3.14a shows a 
schematic of the cross section of a part during the passage of the laser beam. The 
temperature cycles that occur in the martensite formation region and in the 
intermediate region just above the BM are overlaid on the scheme. A Fe-C phase 
diagram is beside the scheme to show how the maximum temperature reached in each 
region is related to the phases obtained after laser treatment. In this case, the 
intermediate temperature is related to the biphasic field containing ferrite and austenite 
phases, while the highest temperature is in the austenite phase region. The martensitic 
phase formation in steels results from the solubilization within the austenitic phase field 
followed by quenching. Thus, the hardening by martensite formation occurs in the 
region closest to the laser spot, which reaches the highest temperatures. Figure 3.14b 
shows the temperature-time cycles calculated for different depths during laser heat 






Figure 3.14. (a) Correspondence between a thermal cycle and the Fe-C phase diagram 
in a steel during a laser heat treatment (ION, 2005). (b) Calculated temperature for four 
different depths during a laser heat treatment in an EN8 steel (STEEN; MAZUNDER, 
2010).   
 
Regarding titanium and its alloys, surface laser treatments include bioactive 
coatings using hydroxyapatite to improve biocompatibility and bioinert coatings such 
as Al2O3 to increase wear resistance (CANDEL; AMIGÓ BORRÁS, 2011). Titanium is 
also used in additive manufacturing. Pure titanium and Ti-6Al-4V alloy are well 
established commercially in this area, and new alloys, including composites, are 
currently being studied (ZHANG; ATTAR, 2016). 
Several authors have studied the phase transformations that take place 
during laser processes in titanium alloys. Fan et al. (2005) studied the phase 
transformations in a Ti-6Al-4V alloy during laser forming process through numerical 
simulations. The authors demonstrate that during heating, the α phase is transformed 
into β phase inside the heat affected zone (HAZ). Still in the HAZ, the authors found 
that after cooling, α' martensitic phase is formed along with a small retention of β 
phase. The cooling rate near the boundary between the HAZ and the non-heat affected 
region is slow enough to allow the formation of α phase by diffusion. Outside the HAZ, 
there is no change in the relative fractions of the original α and β phases. 
With the aid of X-ray diffraction (XRD) and in-situ imaging, Kenel et al. 
(2017) and Zhao et al. (2017) studied the phase evolution in a Ti-6Al-4V alloy during 
laser treatment. Figure 3.15 presents a compilation of the results showing the phases 
present over time for four different laser powers. In the first cycle, rapid heating is 
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capable of transforming the hexagonal compact phase present in the alloy (which may 
be either the α phase or the α’ martensite phase) into β phase and then into liquid. The 
powers of the HT1 and HT2 treatments lead only to the formation of phase β and, 
finally, the lower power, HT3, is not capable of transforming the hexagonal phase into 
β phase. Therefore, in this case there are three possible heat treatments in these 
alloys: those that reach the β phase field solubilization until the material melting, those 
that reach the material solubilization without the generating a FZ and those that do not 
reach the β-transus temperature and therefore do not reach a β solution heat treatment 
of the material. This analysis can be extended to evaluate the maximum temperature 
reached at each depth in the material as a function of the distance from the laser beam 
on the workpiece surface. 
 
 
Figure 3.15. Phase evolution on a Ti-6Al-4V alloy during laser heating at four different 
powers (KENEL, 2017). 
 
Laser treatments can also be used to close the surface porosity of parts. 
Candel et al. (2017) studied the effect of laser surface melting treatment on a Ti-30Nb-
2Sn alloy produced by powder metallurgy. After treatment, the surface pores of the 
sample were closed and, furthermore, the authors verified the reduction of the α phase 
fraction in the laser treated region compared with the fraction encountered in the 
unaffected region. This α phase reduction was responsible for the reduction of the 




4. MATERIALS AND METHODS 
 
In this chapter, the necessary steps to produce the alloys, perform the laser 
heat treatments and analyze the obtained samples are described. The simulation 





Titanium alloys were produced by arc melting followed by homogenization 
treatment and hot working. The material was then heat treated to obtain an aged 
condition composed of α phase precipitates in a β phase matrix. Laser heat treatments 
were then performed after aging heat treatments. Figure 4.1 shows the summary 
sequence of these processes. Each step in this sequence is detailed in the following 
sections of this chapter. 
Single laser tracks were characterized by visible light microscopy (VLM) and 
scanning electron microscopy (SEM). The in-depth profile of hardness and elastic 
modulus of the single laser tracks was determined by instrumented indentation. After 
this, surface treatments were performed by overlapping single laser tracks in order to 
obtain a continuous surface layer. This surface layer was characterized by VLM, SEM, 
TEM and XRD. The in-depth profile of hardness and elastic modulus of the overlapping 
treatments was determined by instrumented indentation. Corrosion behavior was 
analyzed by open-circuit potential tests and potentiodynamic polarization. 
Finite element simulations of laser treatments were performed using Ansys 
software. The objective of these analyses was to evaluate the laser process 
temperature cycles, the heating and cooling rates and the maximum temperature 
reached in the experiments. Pure titanium was used as the BM and the same process 






Figure 4.1. Workflow. 
 
4.2. Ti alloys: production and aging 
 
Three titanium alloys were used in this work: Ti-8Mo, Ti-8Mo-6Sn and Ti-
30Nb-1Fe. The alloys were produced by arc melting at the Physical Metallurgy 
Laboratory of the School of Mechanical Engineering at the University of Campinas. 
The furnace used for melting is equipped with a vacuum system and is filled with argon 
after a purge procedure to prevent oxygen contamination in the ingot. The image in 
Figure 4.2 shows the interior of the arc-melting furnace. The ingots produced had 




Figure 4.2. Interior of the arc-melting furnace used to produce the alloys.  
 
The ingot obtained was then encapsulated in a quartz tube with argon 
atmosphere and homogenized at 1000 °C for 24 h. After homogenization, the samples 
were hot worked. In this work, both rolling and forging (swaging) were used. During 
these procedures, the samples are heated to 1000 °C and then hot worked. It was not 
possible to keep the samples in a controlled atmosphere during the swaging and rolling 
processes, so the oxide layer formed in this step was removed by grinding or 
machining. Finally, small samples of approximately 10 mm wide were cut from the 
ingots, homogenized at 1000 °C for 1 h, and cooled in water. 
The chemical composition of the alloys was measured by X-ray 
fluorescence on a Shimadzu EDX equipment. For each alloy, three measurements 
were performed at different points of the samples. The results of the mean and 
standard deviation of these measurements are presented in Table 4.1. 
 
Table 4.1. Chemical composition of the samples used in this work. Mean and standard 
deviation of three measurements at different points in the samples. X-ray fluorescence 
results. Oxygen and Nitrogen measurements were performed by: [1] (MELLO, 2014) 
and [2] (COSTA, 2015). 
Alloy Composition (wt.%) 
Ti-8Mo 7.41±0.06 Mo  0.17 O [1] 0.012 N [1] 
Ti-8Mo-6Sn 9.32±0.06 Mo 7.25±0.03 Sn 0.17 O [1] 0.012 N [1] 
Ti-30Nb-1Fe 29.46±0.06 Nb 1.13±0.04 Fe 0.14 O [2] 0.0083 N [2] 
 
The aging heat treatments of these alloys were previously reported in the literature. 
Mello (2014) studied the Ti-8Mo and Ti-8Mo-6Sn alloys. The Ti-30Nb-1Fe alloy was 
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previously studied by Socrates (2013) and Costa (2015). The results of these works 
were used to define the aging heat treatments to obtain α phase precipitates nucleated 
in a β phase matrix. The temperatures were chosen to avoid the formation of the 
isothermal ω phase. Treatment temperatures and time are shown in Table 4.2. 
 
Table 4.2. Temperature and dwell time selected for the aging heat treatment for each 
of the studied alloys. 
Alloy Aging heat treatment 
Ti-30Nb-1Fe 550 °C for 1 h 
Ti-8Mo 600 °C for 2 h 
Ti-8Mo-6Sn 600 °C for 2 h 
 
 
4.3. Laser device 
 
The laser device used for surface heat treatments is composed of a laser 
source operating inside a glove box. Ytterbium Fiber Laser equipment (IPG Photonics, 
model YLR) with a maximum power of 500 W operated inside a glove-box (MB Modular 
model MBraun) under argon atmosphere in order to reduce the presence of oxygen 
during the process (Figure 4.3 and Figure 4.4). Analytical grade argon was used (grade 
5.0). 
A computer numerical control (CNC) program in G-code was used to control 
the movement of the laser beam related to the material surface. An example of a CNC 




Figure 4.3. Glovebox, Laser and accessories. 
 
The samples were inserted into an antechamber where a purge procedure 
is performed prior to the insertion into the main chamber. This procedure consists of 
performing a vacuum in the antechamber for 10 minutes, followed by argon insertion. 
This procedure is repeated three times. Immediately afterward, the samples were 






Figure 4.4. Inside of the glovebox. The image shows the CNC table, the laser head 
responsible for the focus, and the fiber of the laser. 
 
4.4. Single laser tracks 
 
4.4.1. Process parameters 
 
Firstly, single tracks were obtained to determine the appropriate processing 
parameters to solution heat treat the surface of the samples. In this step, the 
dimensions of the fusion zone (FZ) and the heat-affected zone (HAZ) of single tracks 
were measured.  
The conditions used were based on a work of Michiyama and Demizu 
(2011), who studied a laser treatment on a Ti-15V-3Cr-3Sn-3Al alloy. The authors 
varied the energy density changing the speed of the process and maintained the laser 
beam diameter (4.5 mm) and the power (720 W). The speeds used were 2, 4 and 6 
mm/s. The respective energy densities for these conditions were calculated and are 
presented in Table 4.3. The speed of 2 and 4 mm/s generated a FZ while the speed of 
6 mm/s did not generate a FZ. Energy density was calculated according to Equation 
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(3) (SANTO, 2014). Therefore, according to the values shown in Table 4.3, an energy 










)∗𝐿𝑎𝑠𝑒𝑟 𝑠𝑝𝑜𝑡 𝑠𝑖𝑧𝑒 (𝑚𝑚)
   Equation (3) 
 
Table 4.3. Energy density calculated from the data of the work of Michiyama and 
Demizu (2011). 
 720 W, laser spot diameter: 4.5 mm  
Scanning speed (mm/s) 2 4 6 
Energy density (J/mm²) 80 40 26.6 
 
In this work, laser focus and scan speed were kept constant, while laser 
power was varied. The scanning speed was 10 mm/s. A focal length 3 mm away from 
focus, resulting in a laser beam diameter of 0.5 mm was chosen to increase the heat 
treatment area relative to the working position at the laser focal point. Finally, four laser 
powers that resulted in energy densities ranging from 15 to 30 J/mm² were chosen. 
Table 4.4 shows the processing parameters, such as laser power and laser 
scanning speed. Figure 4.5 shows the spot position used in this work relative to the 
laser focal point. 






























Figure 4.5. Laser spot position in relation to the focal point. 
 
Figure 4.6 shows the typical characteristics of a single laser track with FZ, 
seen in the plane transverse to the laser beam scanning direction. VLM images were 
analyzed with the aid of the ImageJ software (SCHNEIDER; RASBAND; ELICEIRI, 
2012). 
 
Figure 4.6. Regions and dimensions of a single laser track with FZ. 
 
4.5. Laser surface heat treatment by overlapping single laser tracks 
 
Figure 4.6 shows a schematic of the laser surface scanning used. A linear 
laser scan, as shown in the Figure 4.7a, was used. The scan consists of the linear 
displacement of the laser over the sample with a movement in the perpendicular 
direction at the end of each line. In this work, it was defined that the distance between 
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lines (distance between the centers of the single laser tracks) corresponds to 50% of 
the width of a single laser track, obtained using the same heat condition. This 
generates a continuous surface layer with overlapping regions between tracks, as 
shown in the Figure 4.7b.  
 
Figure 4.7. Scheme of the laser surface scanning, with 50% track overlap for the 
surface heat treatment: (a) Top view of the laser path and (b) Cross section of the laser 
tracks. 
 
4.6. Instrumented indentation 
 
Elastic modulus and Vickers hardness were measured using the CSM 
nanoindentation tester, model NHT1 of the Physical Metallurgy Laboratory of the 
School of Mechanical Engineering at the University of Campinas. The equipment uses 
a Berkovich diamond penetrator, which is a three-sided pyramid whose area-depth 
function is equal to that of a Vickers indenter. The following parameters were used in 
all measurements: 200 mN of maximum load, loading rate of 400 mN/minute, 
unloading rate of 400 mN/minute and 30 s of dwell time. The Poisson's ratio considered 
was 0.33. The elastic modulus and hardness were determined by the Oliver and Pharr 
method (1992). The value of the elastic modulus was calculated from the unloading 
curve of the indentation and the hardness was calculated from the relationship 
between the load applied and the projected area calculated indirectly from the 
indentation penetration depth. Figure 4.8 shows a schematic of the deformation in the 
cross-section of the material during measurement and a typical instrumented 




Figure 4.8. (a) Deformed region cross-section during instrumented indentation and (b) 
loading and unloading curves as a function of indenter displacement (OLIVER; 
PHARR, 1992). 
 
4.7. SEM and TEM characterization 
 
SEM images were made using a Zeiss (EVO MA15) equipped with a LaB6 
electron gun of the School of Mechanical Engineering of the University of Campinas. 
To obtain the TEM samples, it was used a Zeiss Auriga Compact equipment with 
focused ion beam (FIB) sample manufacturing capacity of the electron microscopy 
service of the Polytechnic University of Valencia. The lamellae samples were taken at 
80 μm from the surface of the laser-treated alloys. 
Figure 4.9 shows the steps to obtain the Ti-30Nb-1Fe alloy lamella 
beginning with the removal of material until the attachment of the lamella on a copper 





Figure 4.9. From (a) to (f), image sequence showing the steps to obtain the lamella of 
the Ti-30Nb-1Fe alloy by FIB. 
 
TEM of the alloys was performed on a FEI Tecnai G² F20 equipment from 
the Structural Characterization Laboratory of the Materials Engineering Department at 
the Federal University of São Carlos.  
 
4.8. Finite element analysis of the thermal cycles using pure titanium 
 
Simulations of thermal cycles with pure titanium were performed in the 
Ansys finite element software. The thermal model equation used by the program is 
obtained by combining the first law of thermodynamics with Fourier's law (Equation 4) 






















) + 𝑄 Equation (4) 
 
Where ρ is the density of the material, c is the specific heat capacity, T is 
the temperature, t is the interaction time, k is the thermal conductivity and Q is the 
volumetric heat generation (Equation 4). 
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The heat source equation used follows a Gaussian format. The movement 
of the heat source was done by adding the velocity and elapsed time within the 
exponential function arguments (TRAN; LO, 2018). The intensity I at each point with x 








 ) Equation (5) 
 
Where A is the absorptivity of the material, P is the laser power, x and y are 
the coordinates of each point, v is the laser advance speed and r is the laser beam 
radius. Figure 4.10 plots the intensity of the laser beam using the data from this work. 
A set of commands was applied to the surface of the virtual model to create the 
Gaussian heat source. The code is shown in the appendix. 
 
Figure 4.10. Gaussian laser intensity profile using 75 W of nominal power. 
 
A parallelepiped with dimensions of 10 mm wide, 10 mm long and 4 mm 
thick was chosen as the model for the simulation of the single laser tracks (Figure 
4.11). A refined mesh was made around the laser path to improve simulation accuracy 
and a coarser mesh in the outer regions to facilitate computational calculation 
(CAIAZZO; ALFIERI, 2018). The Gaussian heat source was applied to the surface of 
the refined mesh region while radiation and convection heat losses were applied to 
remaining surfaces (DEZFOLI et al., 2017). The overlapping heat treatments were 
simulated in another parallelepiped with a fine surface mesh and a coarser mesh below 
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the surface. Another overlapping heat treatment was simulated putting the 
parallelepiped on top of a 100 mm wide by 100 long and 4 mm thick base using the 
properties of a standard steel acting to absorb the heat. 
 
Figure 4.11. Simulation model design for the single laser track analysis. 
 
Table 4.5. Parameters used in the simulation. 
Variable Value 
Absorptivity (A) 0.37 
Laser beam radius (r) 0.25 (mm) 
Scanning speed(v) 10 (mm/s) 
Convection coefficient 5 (W/m²) 
Radiation coefficient 1 (W/m²) 
Initial temperature 22 °C 
 
Preliminary analyses of the simulations showed that the nominal power 
value used in each experiment, i.e., 75, 100, 125 and 150 W, when used in the 
simulations, results in temperatures significantly different from the temperatures 
expected for the experiments. This behavior became more evident when the 
simulations were compared to the experiments performed to validate the model. It was 
noted that there is a deviation between the nominal power used in each experiment 
and the actual power indicated by the laser equipment during the process, especially 
for lower powers. The plot that correlates the nominal values inserted into the 
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equipment and the values actually delivered by the laser during the process is shown 
in Figure 4.12.  
 
Figure 4.12. Correspondence between the nominal power inserted into the equipment 
and the effective laser power indicated by the equipment during the experiments. 
 
4.9. X-ray diffraction (XRD) 
 
The XRD patterns were obtained using a Panalytical model X'Pert Pro brand 
with copper tube using 40 kV voltage and 30 mA current. The equipment belongs to 
the Physical Metallurgy Laboratory of the University of Campinas. Only one 
diffractogram was obtained on other equipment. The diffractogram of the laser-treated 
Ti-8Mo alloy was made in a cobalt tube model X'Pert Pro Panalytical equipment using 
40 kV voltage and 30 mA current. The equipment belongs to the LNNano laboratory of 
CNPEM. The Rietveld analysis of XRD patterns was performed using the Maud 
computer program (LUTTEROTTI, 2010). The CIF files used for the analyzes were 
obtained from the ICSD database. Due to the large size of the β phase grains, it was 




4.10. Corrosion behavior analysis 
 
The corrosion resistance of laser surface-treated Ti-8Mo and Ti-8Mo-6Sn 
alloys was determined by open-circuit potential tests and potentiodynamic polarization 
at the School of Applied Sciences of University of Campinas. The system assembled 
for the analysis consists of a reference electrode, a counter electrode made of platinum 
and the working electrode, which in this case are the samples to be analyzed. The 
samples were submerged in a 0.9% NaCl solution. An Autolab potentiostat, model 





5. RESULTS AND DISCUSSION 
 
5.1. Characterization of the Aged alloys  
 
Figure 5.1 shows the XRD of Ti-30Nb-1Fe, Ti-8Mo and Ti-8Mo-6Sn alloys 
in the aged condition. In each diffractogram, the peaks were indexed using a body-
centered cubic structure corresponding to the titanium β phase and a hexagonal 
compact structure corresponding to the titanium α phase. 
 
Figure 5.1. XRD pattern of the Ti-30Nb-1Fe, Ti-8Mo and Ti-8Mo-6Sn alloys after aging 




Figure 5.2 shows the cross-section of the samples in the aged condition. 
Images (a), (c) and (e) show the mounting resin at the top and the sample at the 
bottom. The α and β phases that were indexed in the XRD of Figure 5.1 are observed 
in these images. In each of the three alloys, the matrix consists of β-phase grains 
formed during the solubilization step of the aging treatment. The β-phase grain size is 
in the order of hundreds of micrometers. The precipitates formed during aging 
treatment correspond to the α phase. Microstructures with higher magnification are 
shown in figures (b), (d) and (f). Each alloy has α phase precipitates with different sizes. 
Visually, the Ti-30Nb-1Fe alloy has small precipitates and a relatively uniform size 
distribution when compared to the Ti-8Mo and Ti-8Mo-6Sn alloys. On the other hand, 
Ti-8Mo and Ti-8Mo-6Sn alloys have a very large disparity in precipitate size: large 
precipitates are seen beside precipitates of few micrometers in length. Figure 5.3 
shows the microstructures, under higher magnifications, of these alloys, in which the 
different precipitation sizes can be better observed. Socrates (2013) showed that the 
addition of Fe in the Ti-Nb system leads to the refinement of the precipitated α phase. 
The higher diffusion rate of Fe in Ti, when compared to Nb, is supposed to be 
responsible for this effect (COSTA et al., 2015).  
ω phase was not detected by XRD nor SEM, but these techniques cannot 
confirm its absence. According to the literature, the isothermal ω phase forms between 
approximately 220 and 370 °C and its decomposition occurs between 400 and 500 °C 
in titanium alloys (BARRIOBERO-VILA et al., 2015). In Ti-Nb alloys, ω phase formation 
during heating competes with α phase formation (MOFFAT; LARBALESTIER, 1988). 
The ω phase decomposition is considered to assist the subsequent formation of the α 
phase, reducing the nucleation time and growth of the latter (KOBAYASHY et al., 
2013). Since heat treatments were performed at 550 °C for Ti-30Nb-1Fe alloy and 600 
°C for Ti-8Mo and Ti-8Mo-6Sn alloys, the presence of ω phase is expected to have 
been avoided. 
Excessive growth of β-phase grains occurs in the solution heat treatment of 
the alloys and may lead to loss of mechanical strength of the material according to the 
Hall-Petch effect (BHATTACHARJEE et al., 2006). For this work, however, the size of 
the β phase grains is not a problem since the main objective is to obtain a gradient of 




Figure 5.2. Microstructures of the alloys after aging heat treatment. The micrographs 
show the α-phase precipitates in a β-phase matrix at different magnifications. (a) and 
(b) Ti-30Nb-1Fe alloy. (c) and (d) Ti-8Mo alloy. (e) and (f) Ti-8Mo-6Sn alloy. The 
measurements refer to the α phase precipitates. Image (b) was obtained by SEM in 
backscattered electron mode while all other images were obtained by VLM. Samples 





Figure 5.3. SEM images show the microstructure of the Ti-8Mo and Ti-8Mo-6Sn alloys. 
BSE mode. 
 
The Vickers hardness of the BM was obtained by calculating the mean value 
after 12 instrumented indentations. Table 5.1 shows the results for the Ti-30Nb-1Fe, 
Ti-8Mo and Ti-8Mo-6Sn alloys.   
 
Table 5.1. Elastic modulus and Vickers hardness by instrumented indentation of the 
aged alloys (BM). 
 Ti-30Nb-1Fe Ti-8Mo Ti-8Mo-6Sn 
Vickers hardness (HV) 267±16 378±13 312±30 
 
Costa (2015) reported that the Ti-30Nb-1Fe alloy, when aged at 550°C, has 
226 of Vickers hardness. Mello (2014) and Mello et al. (2015) reported that the Ti-8Mo 
and the Ti-8Mo-6Sn alloys, when aged at 600 °C, have 374 and 308 of Vickers 
hardness, respectively. These results indicate that the aged alloys of this work have 








5.2. Single laser tracks  
 
Initially, single laser tracks were made in the three studied alloys using the 
following process parameters: 10 mm/s of scanning speed, working position 3 mm 
below the laser focal point (0.5 mm spot size) and four nominal laser powers: 75, 100, 
125, and 150 W. Figure 5.4 shows the Ti-30Nb-1Fe alloy after the laser treatments.  
 
Figure 5.4. (a) Scheme showing laser treatment to obtain a single track. 
Image based on The Open University (2018). (b) Ti-30Nb-1Fe alloy after obtaining four 
single tracks. The image shows the cut direction to reveal the cross-section of the 
sample.  
 
Figure 5.5 shows the top surface of the samples in which single laser track 
was applied using increasing laser power. These images help verify the occurrence of 
melting during laser treatment.  It can be observed that there is a significative change 
on the surface due to laser track when 100, 125, and 150 W of laser power were 
applied. On the other hand, the use of 75 W did not produce a meaningful change. 
These results indicate that laser heat produce melting when 100, 125, and 150 W were 
used while using 75 W, the laser treatment only slightly changed the color of the 
sample in the heated region, keeping the scratches of previous grinding unchanged, 






Figure 5.5. Top surface of the samples showing the single laser tracks for the Ti-30Nb-
1Fe, Ti-8Mo and Ti-8Mo-6Sn alloys, in which laser tracks were applied using 75, 100, 
125 and 150 W of laser power. Images taken using a stereoscopic microscope, 
samples without metallographic preparation. 
 
The samples were cut in the section perpendicular to the laser beam 
direction of movement, mounted in resin, polished and chemically etched with Kroll’s 
reagent. Figure 5.6 shows the cross-section image of the single laser tracks. The 
shape of the region affected by the laser, which is highlighted by the contrast with the 
BM, is similar to the geometry shown in Figure 3.12a, which characterizes an 
approximately Gaussian heat distribution. The size of the Ti-8Mo-6Sn and Ti-30Nb-
1Fe α-phase precipitates makes them indiscernible in lower magnifications, but the Ti-




Figure 5.6. Cross-section VLM images show the single laser tracks for the Ti-30Nb-
1Fe, Ti-8Mo and Ti-8Mo-6Sn alloys, obtained using 75, 100, 125 and 150 W of laser 
power.  
 
The substantial difference in the degree of chemical etching between the 
aged BM and the region modified by the laser treatment suggests that there was a 
dissolution of the α phase precipitates into the β phase grains. The region affected by 
the laser can be associated with a solution heat-treated titanium alloy as shown in 
Figure 3.3a. The BM, on the other hand, preserved the α phase precipitates and can 
be compared to a titanium alloy after aging treatments as shown in Figure 3.3d. 
Figure 5.7 shows, with higher magnification, the microstructures of the laser 
tracks obtained using 150 W of laser power. The FZ/HAZ interface present in the laser 
track performed on the Ti-30Nb-1Fe alloy can be easily seen. This image also allows 
to visualize the microsegregation in the FZ of the laser track applied on the Ti-30Nb-
1Fe alloy. Between the FZ and the HAZ, there is a region without microsegregation. 
This indicates that at the beginning of solidification of the FZ, the solid/liquid interface 
is planar and shortly destabilizes. 
65 
 
Elmer et al. (2004) used in situ XRD to study the phase transformation in a 
Ti6Al-4V alloy during arc welding process. The results showed that in the HAZ region 
near the FZ all the α phase transforms into β phase. In the HAZ regions closer to the 
BM, on the other hand, the transformation of α phase into β phase is incomplete. 
Therefore, while the FZ/HAZ interface is sharp, the transition from the HAZ to the BM 
is gradual. 
 
Figure 5.7. FZ of the Ti-30Nb-1Fe, Ti-8Mo and Ti-8Mo-6Sn alloys after laser heat 
treatment at 150 W. VLM images. 
 
Figure 5.6 and Figure 5.7 show the presence of needle-like structures 
throughout the laser-treated region of the Ti-8Mo alloy and in the transition region 
between the HAZ and BM. The visualization of the FZ in this alloy is very difficult, 
probably due to low microsegregation. Nonetheless, there is a line suggesting the 
extent of the FZ at powers of 125 W and 150 W, which is in agreement with the FZ 
regions seen in the top surface images of Figure 5.5. The FZ of the Ti-8Mo-6Sn alloy, 
on the other hand, is more easily visualized in the cross-section in relation to the Ti-
8Mo binary alloy (Figure 5.7). 
The dimensions of the single laser tracks were measured from the images 
of their cross-sections observed by VLM. The volume of both FZ and HAZ, measured 
in terms of width and depth (see Figure 5.8), increased with the increase of the power 
applied. This trend was expected and is compatible with other works. Dilip et al. (2017) 
studied the influence of scanning speed and laser power on LSA single tracks of Ti-
6Al-4V alloy powder deposited on top of a Ti-6Al-4V BM. The results showed that the 
increase in power applied leads to an increase in the width and depth of the FZ. 
Moreover, the dimensions of the Ti-8Mo alloy single tracks are larger than those found 
66 
 
in the other alloys. The differences in the dimensions between the single laser tracks 
of the alloys can be related to the properties of each alloy such as specific heat, thermal 
conductivity and absorptivity. 
 
 
Figure 5.8. Width and depth of the single laser tracks for the Ti-30Nb-1Fe, Ti-8Mo and 
Ti-8Mo-6Sn alloys as a function of the laser power. 
 
Figure 5.9 shows colored maps of Vickers hardness and elastic modulus in 
the region that includes the FZ, HAZ and BM of the Ti-30Nb-1Fe alloy subjected to 
laser treatment at 75 W and 150 W power. The values of Vickers hardness and elastic 
modulus were determined by instrumented indentation. The elastic modulus results do 
not show a clear pattern, although the map suggests a constant elastic modulus in the 
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laser-treated region, especially for the sample treated at 150 W. However, it is evident 
that there is an increase in the Vickers hardness of the material in the laser-treated 
region for both samples. Moreover, the extent of the region with higher hardness 
seems to be somewhat larger than the laser-treated region, revealed by VLM. 
Similar to Figure 5.9, Figure 5.10 shows colored maps of Vickers hardness 
and elastic modulus of the Ti-8Mo alloy subjected to laser treatment at 75 W and 150 
W of laser power. Instrumented indentation results of this alloy showed that laser 
treatment reduces both the elastic modulus elasticity and the hardness of the alloy in 
the treated region, an opposed result if compared with the Ti-30Nb-1Fe alloy. The 
graphs in Figure 5.10a show a small region with lower Vickers hardness and elastic 
modulus values when compared with the sample treated at 150 of laser power. 
Additionally, the extent of the region with lower hardness and elastic modulus seems 
to be very similar to the laser modified region, revealed by VLM. 
Similar to Figure 5.9 and Figure 5.10, Figure 5.11  shows colored maps of 
Vickers hardness and elastic modulus of the Ti-8Mo-6Sn alloy subjected to laser 
treatment at 75 W and 150 W of laser power. The laser treatment at 75 W of power 
leads to a reduction in the elastic modulus in the treated region. However, the reduction 
in hardness is not evident. On the other hand, the use of 150 W of power did not 
significantly change the elastic modulus. Moreover, a slight tendency to increase the 
hardness of the alloy in the laser-treated region is noticed. Small fluctuations in the 
alloy composition in this region may be responsible for the difference in mechanical 




Figure 5.9. Instrumented indentation elastic modulus and Vickers hardness maps of 




Figure 5.10. Instrumented indentation elastic modulus and Vickers hardness maps of 




Figure 5.11. Elastic modulus and Vickers hardness maps of the single laser tracks for 
the Ti-8Mo-6Sn alloy: (a) at 75 W and (b) at 150 W. 
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After completing the single laser track treatments, it was found that only the 
power of 75 W allowed the heating of all alloys without the presence of FZ. In some 
cases, the visualization of the FZ is difficult to be performed in the cross-section 
images. Nevertheless, the top surface image of the sample was used to identify the 
melting of the material (see Figure 5.5). 
The size of the α phase precipitates in the Ti-30Nb-1Fe alloy is much 
smaller than the HAZ size, which prevents to identify both HAZ and precipitates in the 
VLM image (Figure 5.9) using the same magnification. This fact is also observed to a 
lesser extent in the Ti-8Mo-6Sn alloy. In the case of Ti-8Mo alloy, the precipitates are 
larger, thus both precipitates and laser-treated region can be identified using the same 
magnification.  
The shape of the FZ is typical of a conduction heating mode, where the 
width of the single laser tracks is larger than the depth achieved (ASSUNCAO; 
WILLIAMS; YAPP, 2012). The total depth values of the laser-modified region 
measured from the VLM images are approximately between 89 µm (Ti-30Nb-1Fe) and 
157 µm (Ti-8Mo). 
The depth of the HAZ is important as it represents the size of the surface 
layer transformed by laser heat treatment in treatments without FZ. However, the size 
of the treated region, which is measured using VLM images after chemical etching, 
does not always match to the region whose mechanical properties have changed, as 
noted in the Ti-30Nb- 1Fe alloy. In addition, the melting occurred using laser power 
equal or higher 100 W. According to Elmer et al. (2004), high heating rates increase 
the β-transus temperature, due to the increase in overheating required. As laser 
treatment occurs in short lengths of time, it is recommended to use high temperatures, 
near the melting temperature (LAWRENCE, 2017). In the results of this work, the 
melting occurred between 75 and 100 W, which indicates that the treatments 
performed at 75 W of laser power heated the part surface to temperatures close to the 
melting temperature, but not equal to that. Avoiding melting is interesting to prevent 
the formation of surface defects, which can deteriorate the fatigue performance. 




Laser heat treatment at 75 W effectively changed the hardness and elastic 
modulus of the samples. The Ti-30Nb-1Fe alloy showed no reduction in its elastic 
modulus. On the other hand, its hardness was increased. Ti-8Mo and Ti-8Mo-6Sn 
alloys showed a reduction both in elastic modulus and in hardness. The metallurgical 
phenomena that are supposed to produce this property changes will be discussed 
later. 
Finally, the 75 W power was defined to be used in the laser track 
overlapping treatments. The track widths were used to determine the distance between 
two neighbor laser tracks, aiming to achieve a 50% of track overlapping.  
 
5.3. Laser surface treatments by track overlapping 
 
The surface of the alloys was modified by laser track overlapping. The 
widths of the single tracks of the same alloy, measured by VLM, were used to define 
the distance between the scan lines in order to obtain a 50% overlapping treatment as 
outlined in Figure 4.7. Figure 5.12 shows the part made of Ti-30Nb-1Fe alloy after laser 
surface treatment performed using 75 W of laser power. The cross-section in which 
the metallographic analysis was done is indicated in the image.  
 
Figure 5.12. Part made of Ti-30Nb-1Fe alloy after laser surface treatment at 75 W.  
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5.3.1. Surface laser heat treatment by track overlapping on the Ti-
30Nb-1Fe alloy 
 
Figure 5.13 shows the cross-section and top surface image of Ti-30Nb-1Fe 
alloy after laser surface heat treatment using 75 W of power. Firstly, one can notice in 
the cross-section image the great difference in the chemical etch between the 
substrate (which is darker) and the region affected by the laser (which is brighter). 
There was no melting during laser treatment. The modified layer corresponds to the 
HAZ. This fact is best noted in the top surface images of the samples. After treatment, 
it is still possible to observe the scratches of the previous grinding of the samples. For 
comparison, a laser treatment using 150 W of power on the Ti-30Nb-1Fe alloy was 
performed and is shown in Figure 5.14. As can be observed, when the material melts, 
the surface becomes smooth, losing the scratches of the grinding prior to the laser 
treatment.  
 
Figure 5.13. Ti-30Nb-1Fe alloy after laser surface heat treatment at 75 W. (a) cross-
section after polish and chemical etching and (b) top surface view without 





Figure 5.14. Ti-30Nb-1Fe alloy after laser surface heat treatment at 150 W. Top surface 
view. VLM image.  
 
The overlapping generates a heat-treated surface layer that appears to be 
continuous when viewed by VLM. The HAZ/BM interface is shown to be wavy, as can 
be observed in Figure 5.13a, reflecting the multiple tracks. There is only a slight ripple 
at the interface between the non-etched region by Kroll’s reagent and the etched 
region, which is caused by successive laser passes (see Figure 4.7 of chapter 4). 
Figure 5.15 shows the microstructure variation of the α phase precipitates 
as a function of the distance from the sample’s surface. In this case, the sample was 
only polished, no chemical etching was applied. The images were made by SEM with 
a backscattered electron signal, in which the brightness contrast is produced by 
chemical contrast. Since α phase is poorer in heavier element (Nb), α precipitates 
appear darker. At 50 μm from the surface, there is no sign of α phase precipitates. 
Only a variation in the contrast of the image remains, suggesting that the homogeneity 
was not achieved during the rapid thermal cycle imposed by the treatment. The 
brightness contrast increased in the image that correspond to 119 μm from the surface, 
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suggesting the presence of α phase or simply a higher chemical heterogeneity in a full-
β phase. Even at 165 μm from the surface, one cannot state that the compositional 
variation was caused by the effective presence of α phase precipitates. Compositional 
variation may enable this brightness contrast. In the innermost region of the sample, 
the α phase precipitates of the alloy are finally unquestionably defined. 
In fact, Zhang et al. (2019) studied the chemical composition of a Ti-6Al-4V 
alloy treated by electron beam welding and found that even in HAZ regions near the 
interface with FZ the solubilization of the material was still incomplete. Chamanfar et 
al. (2016) also verified the existence of compositional variation in the HAZ after laser 
welding of a Ti-6Al-2Sn-4Zr-2Mo alloy. 
 
Figure 5.15. Microstructure at different depths after laser track overlapping heat 
treatment in the Ti-30Nb-1Fe alloy. SEM images with no chemical etching. 
 
 
Instrumented indentation colored maps are shown in Figure 5.16. As it was 
observed in the single track of this alloy, laser treatment increases the hardness in the 
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laser-treated region of this alloy. On the other hand, the elastic modulus values do not 
vary substantially although they are slightly higher compared to the BM. The 
indentations were performed across several grains of the β phase matrix and there is 
no pattern of variation of mechanical properties between them, which suggests that, in 
fact, the variation of mechanical properties is associated with phase transformations 
that took place during the thermal cycle imposed. 
 
Figure 5.16. Elastic modulus and Vickers hardness instrumented indentation maps 
after laser track overlapping heat treatment at 75 W on the Ti-30Nb-1Fe alloy. 
 
The XRD performed on the laser-treated surface is compared with that of 
aged BM in Figure 5.17a. While the XRD pattern of the BM shows peaks related to 
both α and β phases, the XRD pattern of the laser-treated region shows only peaks 
related to the β phase, indicating that the laser treatment promoted the dissolution of 
α-phase precipitates, which resulted in a high presence of the β phase in the modified 
layer. However, ω phase can be present, but with particle size and volume fraction 




Moreover, the relative height of some β-phase peaks differed from those of 
the XRD pattern of the BM. As shown in Figure 5.2, the β-phase grains are large (about 
300 m), which makes the relative height of some peaks differs from the expected for 
a standard diffractogram. Since both XRD were not performed in the same region of 
the sample, this difference is not necessarily related to the sample's preferred 
orientation. Figure 5.17b presents the result of Rietveld's analysis of the XRD pattern. 
The experimental pattern is plotted with black dots while the simulation result is plotted 
as a red line. Just below the diffraction pattern, vertical traces are shown to indicate 
the position of each peak of the indexed phases. Finally, the curve closest to the 
horizontal axis is the result of the difference between the experimental values and the 
simulation performed. Six β phase peaks were indexed. The lattice parameters of β 
phase corresponds to aβ ≈ 3.26 Å. Bönisch et al. (2014) studied Ti-Nb alloys and found 
the value of aβ ≈ 3.28 Å for a Ti-35.9Nb alloy. Dobromyslov and Elkin (2001) studied 
the effect of alloying elements on the lattice parameter of β phase titanium and reported 
that Fe reduces the aβ, while Nb increases the aβ. Therefore, the addition of Fe and 
the reduction of Nb could explain the smaller aβ of the Ti-30Nb-1Fe compared to the 




Figure 5.17. (a) XRD pattern of aged Ti-30Nb-1Fe (BM) and laser surface treated alloy 






A lamella was taken by FIB at 80 μm from the surface of the sample (Figure 
5.18). The first instrumented indentation measurements are located at ∼36 μm from 
the surface, so this depth ensures that the structural analysis allowed by TEM can be 
used to explain the hardness and elastic modulus changes exposed in Figure 5.16.  
 
Figure 5.18. Ti-30Nb-1Fe alloy lamella removal region made by FIB at approximately 
80 μm. 
 
Figure 5.19 shows the dark field TEM image (a) and its corresponding 
SAED (b). Another SAED is shown in (c). The integrated intensities of the diffraction 
pattern of (b) is shown in (d). The presence of ω phase is revealed by the bright points 
in the dark field image (a) and confirmed by the incidence of spots located at 1/3 and 
2/3 of the distance between the β phase spots in the diffraction patterns in (b) and (c). 
The absence of α-phase precipitates in this region of the modified layer, already 
indicated by the SEM (Figure 5.15) and XRD analyses (Figure 5.17) was confirmed by 





Figure 5.19. TEM images of the Ti-30Nb-1Fe lamella taken at 80 μm depth. Dark field 
image and corresponding SAED in (a) and (b). Another diffraction pattern is shown in 
(c) and (d) shows the integrated intensities of the diffraction pattern in (b). 
 
5.3.2. Surface laser heat treatment by track overlapping on the Ti-8Mo 
alloy 
 
Figure 5.20a shows the resulting microstructure after Ti-8Mo alloy track 
overlapping laser heat treatment. Figure 5.20b shows that the pre-treatment grinding 
scratches remain on the sample surface, confirming that there is no melting during the 




Figure 5.20. Ti-8Mo alloy after laser surface heat treatment at 75 W. (a) cross-section 
after polish and chemical etching and (b) top surface view without metallographic 
preparation. VLM images. 
 
 
The SEM images of Figure 5.21 show the sample microstructure at different 
depths after laser treatment. It can be observed that the laser-treated region has dark 
needles. These needles are morphologically different from the α phase precipitates 





Figure 5.21. Microstructure at different depths after laser track overlapping heat 
treatment in the Ti-8Mo alloy. SEM images, no chemical etching. 
 
With the XRD analysis shown in Figure 5.22a, it is found that after laser 
treatment the formation of the α” martensitic phase occurred. With the analysis by 
Rietveld, it is assessed that the phase α” phase has lattice parameters of aα” ≈ 3.02 Å, 
bα” ≈ 5.00 Å and cα” ≈ 4.66 Å. Sabeena et al. (2017) studied the structure of the 
martensitic α” phase in a Ti-7Mo alloy and found the values of aα” ≈ 2.99 Å bα” ≈ 5.05 
Å and cα” ≈ 4.67 Å. Davis, Flower and West (1979) found the values of aα” ≈ 2.99 Å, bα” 
≈ 4.99 Å and cα” ≈ 4.66 Å for a Ti-8Mo alloy. Thus, the values found in this work are 




Figure 5.22. (a) XRD pattern of aged Ti-8Mo (BM) and laser surface treated alloy using 





A lamella was taken by FIB at a depth of 80 μm from the surface in the laser-
treated region (Figure 5.23) in the same manner as it was done for the Ti-30Nb-1Fe 
alloy. In this case, the first instrumented indentation measurements are located at ∼56 
μm from the surface, so this depth ensures that the TEM analysis can be used to 
explain the hardness and elastic modulus results. 
 
 
Figure 5.23. Ti-8Mo alloy lamella removal region made by FIB at approximately 80 μm. 
 
Figure 5.24 shows the dark field TEM image (a) and the corresponding 
SAED in and (b). Another SAED is shown in (c) and the integrated intensities of the 
electron diffraction pattern are shown in (d). The presence of the α” phase is revealed 
by the needle-like morphology shown in the dark field image. The large amount of 
martensite needles with different orientations (different variants) is responsible for the 
occurrence of many diffraction spots (b). For that reason, a SAED over a single needle 
is shown in (c). The integration of (b) is shown in (d). The absence of α-phase 







Figure 5.24. TEM images of the Ti-8Mo lamella taken at 80 μm of depth. Dark field 
image and corresponding SAED in (a) and (b). Another diffraction pattern is shown in 
(c) and (d) shows the integrated intensities of the diffraction pattern in (b). 
 
With the Vickers hardness and elastic modulus data of Figure 5.25, it is 
found that the laser track overlapping treatment was effective in reducing the elastic 
modulus on the surface of this alloy. However, unlike the behavior occurred in the 




Figure 5.25. Elastic modulus and Vickers hardness instrumented indentation maps 
after laser track overlapping heat treatment at 75 W on the Ti-8Mo alloy. 
 
 
5.3.3. Surface laser heat treatment by track overlapping on the Ti-
8Mo-6Sn alloy 
 
Figure 5.26 shows the cross-sectional microstructure obtained by VLM of 
the Ti-8Mo-6Sn alloy after laser surface treatment. Note that the laser-treated layer is 
similar to that observed in the Ti-8Mo alloy. In addition, no signs of melting are 
observed on the sample surface. The scratches of previous grinding are still visible, 






Figure 5.26. Ti-8Mo-6Sn alloy after laser track overlapping heat treatment at 75 W. (a) 
cross-section after polish and chemical etching and (b) top surface view without 
metallographic preparation. VLM images. 
 
 
The SEM images of the Ti-8Mo-Sn alloy (Figure 5.27) show the presence 
of needles in the laser-treated region similar to the Ti-8Mo alloy. At 300 and 500 μm 
below the surface, the α phase precipitates can be observed.  
Figure 5.28 shows the XRD patterns of the Ti-8Mo-6Sn alloy. The 
microstructure composed by α + β phases of the BM transformed to a microstructure 
composed by α’’ + β phases after the laser treatment. Moreover, the addition of Sn 
changed the lattice parameters of the phases present in the sample after laser 
treatment compared to the purely binary Ti-Mo alloy. Endoh et al. (2017) studied the 
effect of the addition of Sn and Zr on the martensitic α” phase lattice parameters for a 
Ti-5,84Mo binary alloy. The authors found that the addition of Sn increased the a and 
c lattice parameters and reduces the b lattice parameter of the α” unit cell. In fact, the 
data obtained are in accordance with the literature. The same lattice parameter 
changes were observed in this work. The values found for the martensite α” were aα” ≈ 
3.05 Å, bα” ≈ 4.95 Å and cα” ≈ 4.68 Å. Similarly, the β phase lattice parameter had 





Figure 5.27. Microstructure in different regions after laser track overlapping heat 






Figure 5.28. (a) XRD pattern of aged Ti-8Mo-6Sn (BM) and laser surface treated alloy 




The instrumented indentation results (Figure 5.29) show that the laser 
treatment was able to reduce the elastic modulus at the near-surface region with a 
depth of about 350 μm. Simultaneously, there was also a reduction in hardness in this 
same region.  
 
 
Figure 5.29. Elastic modulus and Vickers hardness instrumented indentation maps 
after laser track overlapping heat treatment at 75 W on the Ti-8Mo-6Sn alloy. 
 
 
5.4. Finite element temperature simulations using pure titanium 
 
The thermal cycle that the samples were submitted during the laser 
treatments is difficult to be measured experimentally (DE LIMA, 2016). Nevertheless, 
the simulation of the tests is of great value to explain the results obtained (AKBARI et 
al., 2016). One limitation, however, is to obtain specific heat and thermal conductivity 
data for the studied alloys. Due to the lack of data for these alloys, the simulations were 
made for pure titanium. The results obtained by simulation serve as a reference to 
evaluate mainly the order of magnitude of the heating and cooling process rates. 
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The physical properties of pure titanium differ from the alloy properties of 
this work. The melting temperature of pure titanium, for example, is 1670 °C. Melting 
temperatures of Ti-30Nb-1Fe alloy have not been found in the literature. However, Ti-
30Nb binary alloy has a melting range of 1740 to 1780 °C. Iron has a melting point of 
1538 °C, so the melting temperature of the ternary alloy is expected to be slightly lower 
than that of Ti-30Nb alloy. In Ti-8Mo alloy the melting range is slightly lower, ranging 
from 1688 to 1715 °C. No melt temperature data were found for the Ti-8Mo-6Sn ternary 
alloy. However, the melt range values are expected to be lower than the Ti-8Mo alloy 
values due to the addition of tin whose melting point is 232 °C. 
Some experiments were carried out to validate the finite element analysis. 
First, a test was performed to evaluate the power required to melt the surface of the 
pure titanium sample. The parameters used in these tests were the same as those 
used in the heat treatment experiments of Ti30Nb-1Fe, Ti-8Mo and Ti-8Mo-Sn alloys. 
In Figure 5.30a, it is observed that the first signs of pure titanium surface melting are 
visible at 90 W. From 95 W the melting process becomes more significant. The 
maximum temperatures reached in the simulations using the same laser powers are 
shown in Figure 5.30b. Titanium melts at 1670 °C, so these results indicate a good 
agreement between numerical and experimental observations.  
Another test was performed to measure the width of the molten pool on a 
150 W single laser track. Figure 5.31 shows that the experimentally obtained laser 
track width and the width simulated differed in 13%. The temperature profile during this 
experiment was measured by a thermocouple positioned 3.3 mm off the center of the 
track. The temperature measurement in Figure 5.32 shows that there is a difference 
between the experimental measurement and the simulation located mainly in the 
temperature peak during the laser passage and at the beginning of the cooling cycle. 
Several factors can influence this divergence in results. These factors include the 
material properties used in the simulation, the size of the finite elements and the laser 
parameters applied in the equations. On the other hand, experimentally obtained data 
are also subject to deficiencies such as the acquisition rate of the temperature 
measurement system. In summary, despite some differences, the simulations show a 
similar behavior to experimental results. This deviation is also reported by Alaluss and 
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Mayr (2019) for the simulation of additive manufacturing of a X40CrMoV5-1 steel using 
Plasma Metal Deposition.  
 
Figure 5.30. Results of experiments and simulations in pure titanium to validate the 
model employed. (a) single tracks obtained at 105 W, 100 W, 95 W and 90 W to 
evaluate the influence of power on the melting of the material. (b) Maximum 
temperature observed in simulations made with the same powers of the experiments 






Figure 5.31. (a) track width obtained at 150 W and table comparing with cord width 




Figure 5.32. Comparison of the experimentally and simulated temperature measured 





Figure 5.33 shows the thermal cycles simulated for different depth for 
experiments carried out using 75 and 150 W. These simulations show that the length 
of time between heating and subsequent cooling of the laser-treated region is less than 
1 second.  
 
Figure 5.33. Thermal cycle simulation results at a center point for pure titanium during 
laser beam passage at different depths of the model. Results for 75 W and 150 W 
power are shown. The β-transus (882 °C) and melting (1670 °C) temperatures for pure 
titanium are shown in the graphs.   
 
Figure 5.33a shows that the region heated by the laser to a temperature 
higher than β-transus is slightly deeper than 50 μm and there is no formation of FZ, 
because the maximum temperature reached is lower than the titanium melting point. 
With the power increased to 150 W as shown in Figure 5.33b, the region heated above 
the β-transus temperature is approximately 300 μm deep while the FZ, in this case, is 
less than 100 μm deep. The maximum temperature reached is lower than the 
vaporization point of titanium (3287 °C) (LIDE, 2004). The FZ of the single tracks 
experimentally obtained at 150 W in this work have depths of 57 μm, 88 μm and 101 






Figure 5.34 shows the temperature distribution for the simulation time of 0.5 
s. All three views allow us to observe that temperatures above the β-transus 
transformation temperature are distributed over a greater extent on the surface than 
within the sample. These results agree with the measurements of the dimensions of 
the single tracks obtained, in which it is observed that the width of the affected region 
is much larger than its depth. The same is true for the width of the FZ relative to its 
depth in treatments with powers higher than 75 W, which corresponds to the 
conduction mode of laser treatments. 
 
Figure 5.34. Temperature distribution in Ti cp by finite element analysis. Three views 
are shown at 0.5 s. A side sectional perspective view, a top surface view, and a lateral 
sectional side view. 
 
The cooling rates were calculated using the temperature cycles of Figure 
5.33. The cooling rate between the maximum temperature reached at each depth and 
the temperature of 200 °C was estimated. Results are shown in Table 5.2. 
96 
 
Table 5.2. Cooling rates obtained by finite element analysis. 
 Cooling rate up to 200 °C (°C/s) 
Depth 75 W 150 W 
Surface 1.29x104 1.19x104 
50 μm 9.11x103 8.95x103 
100 μm 6.65x103 6.98x103 
200 μm 4.02x103 4.72x103 
300 μm 2.57x103 3.33x103 
 
The overlap treatment was simulated in two conditions: in one case the 
sample is placed on a steel base that acts as a heat sink and in the other case the 
sample does not have this base. The results are shown in Figure 5.35, in which the 
temperature versus time profiles were taken at a central position (5 mm) of the sample 
and at a position near the end of the sample (9 mm). At the beginning of the process, 
as the laser is far from the temperature probe, the heat input of each laser track causes 
a slight increase in temperature. As the process progresses, the influence of the base 
in the dissipation of heat becomes noticeable. The sample without the base starts to 
retain heat. When the laser passes exactly in the middle of the sample, it is noticed 
that the maximum temperature reached in the sample is higher than in the sample 
without base. At the end of the treatment, temperature accumulation is responsible for 
making the material reach temperatures above the titanium melting point. After the 




Figure 5.35. Simulated thermal cycles for a surface laser treatment by overlapping 
tracks with and without a steel base acting as a heat sink. The temperatures are 
calculated at 5 and 9 mm from the starting edge.  The melting (1670 °C) temperature 
for pure titanium is shown in the graph. 
 
Li et al. (2019) studied a laser polishing process on Ti-6Al-4V samples 
manufactured by selective laser melting (SLM). The authors compared the simulation 
results with the microstructure of the alloy. The results show that the temperature in 
the sample increases as new tracks are made and that the maximum temperature in 
the probe decreases with the increase in the measurement distance from the new 
tracks. Also, the material showed the formation of acicular α’ martensite in the FZ of 
the material. In HAZ, temperature cycles lead to the formation of coarse acicular α' 
martensite. 
The process of heating of the part during laser treatment is shown in other 
works of the literature. Chiumenti et al. (2017) showed this effect for a LENS additive 
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manufacturing simulation and analyzed the energy absorption and heat dissipation to 
the environment during the process. Luo and Zhao (2019) analyzed temperature 
history during SLM on a 316L steel. The results show that adjacent tracks influence 
the temperature measured at a fixed point and that the temperature increases as they 
approach the measurement point. Masoomi et al. (2015) argue that the increase in 
substrate temperature can be controlled by varying the scanning pattern applied.  
The conclusion is that heat dissipation by convection, radiation and 
conduction are important to keep the temperature of the part stable during laser 
treatment. During the experiment, the sample is placed on top of the CNC controlled 
platform. The contact between the part and the platform is not ideal as indicated in the 
finite element analysis. Furthermore, there may be differences between the radiation 
and convection values used in the simulation and the effective values in the 
experiment. The temperature rise in the part is expected to follow an intermediate trend 
between the two cases simulated.  
 
5.5. Comparison of results of the laser surface heat treatments by 
track overlapping  
 
When comparing the Vickers hardness and elastic modulus of all studied 
alloys, one finds that each alloy produced different change of properties due to laser 
treatment. Figure 5.36 shows the mean values and standard deviation for the 
measurements shown in Figure 5.16, Figure 5.25 and Figure 5.29 as a function of the 
distance from the surface. 
Compared with its BM, the Ti-30Nb-1Fe alloy showed slightly increased 
Vickers hardness up to ~ 0.35 mm from the surface. At the same time, the elastic 
modulus of the alloy increased slightly up to ~ 0.3 mm. It is noticed that the region with 
the highest elastic modulus seems to be around ~ 0.2 mm of depth. 
The Ti-8Mo alloy has low variation in hardness across measurements. The 
elastic modulus, on the other hand, has a large drop up to ~ 0.1 mm from the surface 
when compared with its BM. The elastic modulus returns to the BM level at ~ 0.3 mm. 
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After that, the values remain constant, indicating that there is no longer the influence 
of laser treatment. 
Ti-8Mo-6Sn was the only alloy to show reduction both in Vickers hardness 
and elastic modulus when compared with its BM. Both properties dropped up to ~ 0.4 
mm from the surface. Vickers hardness has a downward trend until ~ 0.2 mm. Then it 
reverts its downward trend and rises in the direction of the BM. 
Table 5.3 summarizes the phases observed in the BM, which was 
determined by XRD, and the phases observed in the laser-modified layer after track 
overlapping treatment, which was determined by XRD and TEM. The BM is composed 
of α+β phases. After laser treatment, the presence of ω phase in a β phase matrix was 
only observed in the Ti-30Nb-1Fe alloy. The Ti-8Mo and Ti-8Mo-6Sn alloys exhibited 
the formation of α” martensite in a β phase matrix. 
Table 5.3. Summary of phases observed by XRD and TEM in the as-aged condition 
and after laser surface heat treatment by overlapping tracks. 







TEM (SAED) at 80 μm 
from surface after laser 
Ti-30Nb-1Fe α+β β β+ω 
Ti-8Mo α+β β+α” α”+(β) 
Ti-8Mo-6Sn α+β β+α” Not performed 
 
Based on the results of this work and the analysis of the literature, it can be 
concluded that the laser beam passage leads to the dissolution of the α-phase 
precipitates, independently of the alloy. This process was studied by Kenel et al. (2017) 
and Zhao et al. (2017) through in-situ XRD performed on Ti-6Al-4V alloys. Both works 
showed that the laser heat treatment dissolved the α phase into the β phase. During 
treatment, the laser interaction time at each point of the sample can be calculated by 
dividing the laser beam diameter (0.5 mm) by the scanning speed (10 mm/s), resulting 
in the value of 0.05 s. This short interaction time could be maximized to allow a greater 
solubilization of the surface and to increase the depth of the laser-treated region 
(GRUM, 2013). A reduction of the laser scanning speed and an increase of the laser 
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spot size by defocusing the laser beam would be advantageous for obtaining a more 





Figure 5.36. Mean and standard deviation of elastic modulus and Vickers hardness for 
the Ti-30Nb-1Fe, Ti-8Mo and Ti-8Mo-6Sn alloys after laser surface heat treatment by 
track overlapping. This figure corresponds to the maps shown in Figure 5.16, Figure 
5.25 and Figure 5.29. 
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As shown by numerical simulations for pure titanium, heating and cooling of 
the processed region takes a fraction of a second. Cooling rates in these regions are 
much higher than water cooling rates in conventional processes. According to the 
calculations performed using numerical simulations, the cooling rate at 300 μm from 
the surface in the 75 W treatment is 2570 °C/s (Table 5.2). This cooling rate is in 
accordance with the value of 10³ °C/s for laser treatments indicated in the literature 
(DE LIMA, 2016). For comparison, Ng and coauthors reported values of 500 °C/s for 
water cooling in titanium alloys (NG et al., 2010). In addition, the temperatures reached 
at each depth of the treated region depend on the distance to the center of the laser 
beam. Thus, the process does not generate a region with uniform characteristics. In 
fact, the change in hardness and elastic modulus occurred inside a transition region in 
all samples. 
After the passage of the laser, rapid cooling led to the formation of the 
metastable phases in the three studied alloys. With respect to stiffness, as shown in 
Table 3.2, not all titanium alloys exhibit different elastic modulus between the 
solubilized state and the aged state. One of the possible reasons is the formation of 
metastable phases during rapid cooling and which have elastic modulus similar to the 
α phase obtained by aging. Several authors have studied the influence of α” and ω 
phase formation on the mechanical properties of titanium alloys and these results may 
explain the development of an elastic modulus gradient in Ti-8Mo and Ti-8Mo-6Sn 
alloys and no formation in the Ti-30Nb-1Fe alloy. 
The isothermal ω phase has a very high elastic modulus and hardness 
compared to the α, β and α” phases of titanium. However, the cooling rate that results 
in this treatment suggests the formation of athermal ω phase in Ti-30Nb-1Fe alloy. 
According to Nejezchlebová et al. (2016), there may be differences between the 
mechanical properties of the isothermal and athermal ω phases. Although both phases 
are formed by the collapse of alternate pairs of the (111) planes of the β phase, the 
isothermal ω phase undergoes solute partition, which can increase its mechanical 
properties in relation to the athermal ω phase. Even so, the influence of athermal ω 
phase formation is significant in the elastic modulus of the alloy (WANG et al., 2017). 
Solubilized and rapidly cooled Ti-Nb alloys have minimum elastic modulus values of 
66 GPa and 62 GPa in compositions with 16Nb and 42Nb (in wt.%), respectively. 
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Between the two minimum points, there is a peak in the elastic modulus of 94 GPa at 
30% of Nb. This significant increase in elastic modulus is attributed to the athermal ω 
phase formation (OZAKI et al., 2004; BÖNISCH et al., 2015). In this work, the elastic 
modulus of the Ti-30NB-1Fe alloy did not decrease after laser treatment, while its 
hardness increased. Thus, the results suggest that α phase solubilization was 
counterbalanced by the formation of athermal ω phase in cooling. Consequently, there 
was no variation in the elastic modulus in this case. 
Just as athermal ω phase formation influences the elastic modulus on the 
treated surface, the amount of α phase formed during alloy aging prior to laser 
treatment influences the elastic modulus of the BM (HAO et al., 2003). Thus, in order 
to have an elastic modulus gradient in the Ti-30Nb-1Fe alloy, it would be necessary to 
use an aging heat treatment that would provide greater α-phase formation, thereby 
increasing the elastic modulus of the interior of the material. Another possibility for a 
variation in the elastic modulus of the interior of the sample is controlled aging allowing 
the formation of an amount of isothermal ω phase that significantly increases the 
elastic modulus of the interior of the material. Wang et al. (2017) studied the Ti-24Nb-
4Zr-8Sn alloy and showed that the alloying elements can create a solute concentration 
modulation originated by spinodal decomposition. This can suppress the formation of 
ω phase. So, in order to obtain a less-rigid surface layer, alloying elements could be 
added to prevent the formation of athermal ω phase, thereby reducing the elastic 
modulus of the laser-treated region. 
Ti-8Mo and Ti-8M-6Sn alloys showed, respectively, a reduction in elastic 
modulus of 22% and 20% in comparison with their BM. The elastic modulus obtained 
in the region closest to the surface was 69 GPa for the Ti-8Mo alloy and 78 GPa for 
the Ti-8Mo-6Sn alloy. The Ti-8Mo-6Sn alloy, however, presented a greater depth 
affected by the treatment. According to Zhang et al. (2015), the elastic modulus of the 
β and α” phases are very close. The authors assumed that the Ti-3.2Mo alloy (at.% 
equals to a Ti-6Mo in wt.%) was composed entirely of α” phase. The value of the 
sample was then considered to be the value of the α” phase and was equal to 83.8 
GPa. The value of the elastic modulus of the phase β with the lowest Mo composition 
was equal to 79 GPa for the Ti-6Mo alloy (at.% equals to a Ti-11Mo in wt.%). Therefore, 
the values found in this work are lower than those found by Zhang et al. Moreover, the 
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effect on the reduction of elastic modulus in the Ti-8Mo and Ti-8M-6Sn alloys of this 
work is mainly caused by the solubilization of α phase. The influence of the β to α” 
phase transformation is supposed to be lower.  
The results suggest that this laser treatment could be used to create elastic 
modulus gradients in small cross-section pieces, such as rods or screws. Brailovski et 
al. (2016) studied rods with stiffness variation for stabilization of the spine. The authors 
argue that an ideal system would combine high stabilization in the fusion region (a 
surgical procedure to join two vertebrae) and greater mobility in non-fractured regions. 
To obtain different elastic modulus, the rods were treated with the aid of the Joule 
effect. Therefore, laser treatment would be a potential alternative to this application. 
Laser treatment could also be used on larger parts. In such cases, laser 
could be used to reduce the stress between implants and bones. Anguiano-Sanchez 
et al. (2016) evaluated the influence of polymeric coatings with low elastic modulus up 
to 400 μm deep. The studied models showed an increase in the stress applied to the 
bones in contact with the implants, a result that indicates a reduction in the stress 
shielding effect. Ataollahi Oshkour et al. (2014) used finite element analysis to evaluate 
the influence of radial and longitudinal elastic modulus gradients on femoral implants. 
The results show that radial gradients starting from a smaller surface modulus and 
gradually increasing toward the center of the implant lead to increased stresses applied 
to the bones while reducing stresses in the implant. Low modulus alloys could be used 
in the aged state with laser solubilization treatments to obtain surfaces with lower 
elastic modulus. Another possibility would be to produce coatings made with low 
modulus titanium alloys and use laser treatment to ensure a solubilized state on the 
coated surface.  
5.6. Corrosion behavior 
 
The alloys that showed a reduction in elastic modulus were evaluated for 
corrosion behavior as they have the potential to be used as biomaterials. Figure 60 
shows the and open circuit curves potentiodynamic tests for the Ti-8Mo and Ti-8Mo-
6Sn alloys. The samples were analyzed in the condition prior to laser treatment, i.e. 
the aged condition (BM) and the condition after laser treatment (laser-treated). Three 
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samples were used for each condition. Table 5.4 shows the mean values and standard 
deviation for open circuit potential (Eocp), corrosion potential (Ecorr) and corrosion 
current density (Icorr) of the results obtained. 
The Eocp results show that there is an increase in the potential value of 
samples as a function of immersion time. This increase is due to the growth of the 
surface oxide layer found in titanium alloys. The slope of the curves at the end of the 
analysis, that is, at 3600 s, shows that the growth of the surface layer still happens. 
This fact is corroborated by studies in the literature that show the oxide stabilization on 
the surface of titanium alloys only after a few tens of hours. When the two alloys are 
compared, the addition of tin is found to slightly reduce the open circuit potential after 
1 h of testing. Likewise, laser treatment slightly reduces open circuit potential 
compared to the BM. 
The Tafel method was used in the potentiodynamic polarization curves to 
obtain the values of Ecorr and Icorr. Titanium alloys spontaneously form an oxide layer 
and this ensures a high corrosion resistance to the material. In all samples, the first 
part of the anodic region is related to the formation of this oxide layer. From 1 V it was 
noted that the BM and laser-treated Ti-8Mo alloys showed a change in the slope in the 
potentiodynamic curves towards increasing current density. This may be related to an 
increase in the passive film or the breaking of the passive film and the formation of a 
new one.  
The literature shows that the addition of Mo is beneficial for corrosion film 
formation. Surface formed film is indicated to be a mixture of TiO2, MoO2, and MoO3 
(XU et al., 2019). Tsao (2015) studied the effect of adding Sn on a Ti-Cu alloy and the 
results showed that the addition of Sn raises the value of Ecorr to more noble values 
(towards positive values). In this work, the addition of tin resulted in slightly more 
negative values. 
Table 5.5 shows the results of Eocp, Ecorr and Icorr reported on works of the 
literature. The results of Eocp, Ecorr of this work are in good agreement with the results 
of the literature. However, the Icorr obtained in this work showed higher values when 
compared to the literature, but no significant changes between the BM and laser-
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treated surface were observed, which means that the laser treatment did not 
deteriorate the corrosion behavior of the alloys. Moreover, the Ti-8Mo and Ti-8Mo-6Sn 
alloys exhibited better values of Eocp, Ecorr in relation to the cp-Ti shown in Table 5.5. 
In summary, the average values of Eocp, Ecorr and Icorr show that the alloys 
underwent a very small reduction in corrosion resistance after laser treatment. 
However, laser-treated surfaces continue to exhibit corrosion resistance consistent 
with biomedical applications. 
  
 
Figure 5.37. Open circuit potential curves (Eocp) and potenciodynamic 




Table 5.4. Values of open circuit potentials (Eocp) corrosion potential (Ecorr) and 
corrosion current density (Icorr) for Ti-8Mo and Ti-8Mo-6Sn alloys in the initial condition 
and laser treated condition. 
 Eocp (V) Ecorr(V) Icorr (A/cm²) 
Ti-8M0    
       BM -0.307 ± 0.030 -0.420 ± 0.022 1.40E-7 ± 0.82E-7 
       Laser treated -0.351 ± 0.025 -0.428 ± 0.047 1.71E-7 ± 1.17E-7 
Ti-8Mo-Sn    
       BM -0.331 ± 0.030 -0.429 ± 0.023 1.83E-7 ± 0.61E-7 
       Laser treated -0.375 ± 0.019 -0.450 ± 0.024 2.28E-7 ± 0.52E-7 
 
 
Table 5.5. Values of open circuit potentials (Eocp) corrosion potential (Ecorr) and 
corrosion current density (Icorr) taken from the literature. [1] (FROES; QIAN, 2018); [2] 
CAPELA et al., 2008); [3] (SILVA; DOS SANTOS; GABRIEL, 2017). 
Alloy Eocp (V) Ecorr (V) Icorr(A/cm²) Solution Reference 
Ti-13Nb-13Zr  -0.373 1.30E-07 0.9% NaCl [1] 
Ti-6Al-4V  -0.265 3.16E-08 0.9% NaCl [1] 
Ti-22Nb-6Zr  -0.442 2.60E-08 0.9% NaCl [1] 
cp-Ti -0.506 -0.510 7.43E-08 0.9% NaCl [2] 
Ti-6,5Mo -0.377 -0.380 9.91E-09 0.9% NaCl [2] 
Ti-8,5Mo -0.277 -0.280 8.60E-09 0.9% NaCl [2] 
Ti-10Mo -0.252 -0.250 1.08E-08 0.9% NaCl [2] 







In this work, laser heat treatments were performed on titanium alloys with 
the objective of solubilizing aged samples to create an elastic modulus gradient 
between the interior and the surface of these samples. This way, depending on the 
phase transformation that can took place during cooling, a less-rigid surface layer was 
obtained. Single laser tracks were obtained at different power levels to define a 
treatment in which a FZ was not present. After defining the adequate processing 
parameters, laser track overlapping heat treatment was performed on the samples to 
obtain a larger treated area. Three alloys were studied: Ti-30Nb-1Fe, Ti-8Mo and Ti-
8Mo-6Sn. After analysis of the microstructures, the elastic modulus and Vickers 
hardness, and numerical simulations of the laser treatments it can be concluded that: 
a) The parameters used to achieve α phase solubilization of the aged 
titanium alloys without the presence of a FZ were: 75 W of power, 10 mm/s of scanning 
speed and a defocus position of 3 mm bellow the focal spot of the laser. The laser heat 
treatments processed at 100, 125 and 150 W exhibited the formation of a FZ.  
b) The shape of the FZ at 100, 125 and 150 W shows that these treatments 
occurred in conduction mode, i.e., the width of the tracks is bigger than the depth 
achieved. As expected, the increase in power leads to an increase in the overall 
dimensions of the tracks.  
c) The laser track overlapping treatments were performed using 75 W and 
50% overlap. The Ti-8Mo alloy showed a reduction in the elastic modulus in the laser 
treated region while its hardness remained nearly constant. The Ti-8Mo-6Sn alloy 
showed a reduction in both elastic modulus and hardness after laser treatment. The 
Ti-30Nb-1Fe showed no reduction in elastic modulus and there was an increase in 
Vickers hardness after laser treatment. 
d) The results obtained by VLM, XRD and TEM, show that the laser heat 
treatment leads to the formation of α” martensite in the Ti-8Mo and Ti-8Mo-6Sn alloys, 
while athermal ω phase was formed in the Ti-30Nb-1Fe alloy. Therefore, the increase 
in the hardness of the Ti-30Nb-1Fe alloy was associated with the formation of athermal 
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ω phase, which also prevented the elastic modulus reduction. On the other hand, the 
α” martensite did not prevent the reduction in the elastic modulus of the Ti-8Mo and Ti-
8Mo-6Sn alloys. 
g) Numerical simulations performed with pure ti data show that the laser 
treatment occurs quickly and the cooling rates in the HAZ are higher than the rates 
obtained in water quenching treatments. As characteristic of this laser process, the 
maximum temperature reached in the sample is reduced the farther is the distance 
from the laser spot center. During overlapping treatments, the part can accumulate 
heat, therefore this heat needs to be dissipated to avoid the rise in the temperature in 
the bulk or the excessive maximum temperature reached in the surface of the Ti which 
could lead to the formation of a FZ.  
h) Corrosion tests showed that there was a slight reduction in the corrosion 
resistance of the samples after laser treatment.  
i) The highest depth achieved for the layer with low elastic modulus was 
approximately 0.4 mm for the Ti-8Mo-6Sn alloy, making this alloy the most promising 
one in this study. This depth is important, considering that the higher the depth 
achieved by the laser treatment, the more significant it can be to the overall properties 
of the part. This heat treatment could be used in parts with small sections such as rods 
and screws to create regions with different stiffness. Also, this could be interesting to 
provide a gradient transition on the surface of bigger parts in order to reduce the stress 














7. SUGGESTIONS FOR FUTURE WORK 
 
a) Perform fatigue tests to analyze the behavior in cyclic stresses of aged 
titanium alloy after laser solution treatment. 
b) Optimize the laser treatment process to increase the treated depth. 
c) Carry out this laser surface treatment in alloys with high variation in the 
elastic modulus between the solution heat treated and aged condition. 
d) Verify the existence of residual stresses on the surface of parts arising 
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9.1. CNC program 
This program is used to move the machine's CNC table. The objective is to 
perform a treatment on the surface of the sample by overlapping single tracks. In this 
example, the spacing between the center of the tracks is 0.265 mm and the feedrate 










9 G90 G1 X-40 
10 G91 G1 Y.265 
11 G90 G1 X0 




9.2. Additional information about the simulation model 
 
The code below is used to create a Gaussian heat source on the surface of 
the virtual model. Command lines preceded by ! are comments. These commands are 
added to a commands (APDL) file within the Transient thermal section of the simulation 
model. In the last line, the term a1 refers to the name of the face that the function must 
be applied to. To create a face named a1, you must first select the desired face and 
create a named selection. Then this face selection must be renamed to a1 or the name 





!   Commands inserted into this file will be executed just prior to the ANSYS SOLVE 
command. 
!   These commands may supersede command settings set by Workbench. 
 
!   Active UNIT system in Workbench when this object was created:  Metric (m, kg, N, 
s, V, A) 
!   NOTE:  Any data that requires units (such as mass) is assumed to be in the 
consistent solver unit system. 










! Begin of equation: 3.58e8*exp(-2*(({X}-0.02815)^2+({Y}-0.01*{TIME})^2)/0.00025 
! ^2) 






%_FNCNAME%(0,1,1)= 1.0, -1, 0, 0, 0, 0, 0 
%_FNCNAME%(0,2,1)= 0.0, -2, 0, 1, 0, 0, -1 
%_FNCNAME%(0,3,1)=   0, -3, 0, 1, -1, 2, -2 
%_FNCNAME%(0,4,1)= 0.0, -1, 0, 2, 0, 0, -3 
%_FNCNAME%(0,5,1)= 0.0, -2, 0, 1, -3, 3, -1 
%_FNCNAME%(0,6,1)= 0.0, -1, 0, 0.02815, 0, 0, 2 
%_FNCNAME%(0,7,1)= 0.0, -3, 0, 1, 2, 2, -1 
%_FNCNAME%(0,8,1)= 0.0, -1, 0, 2, 0, 0, -3 
%_FNCNAME%(0,9,1)= 0.0, -4, 0, 1, -3, 17, -1 
%_FNCNAME%(0,10,1)= 0.0, -1, 0, 0.01, 0, 0, 1 
%_FNCNAME%(0,11,1)= 0.0, -3, 0, 1, -1, 3, 1 
%_FNCNAME%(0,12,1)= 0.0, -1, 0, 1, 3, 2, -3 
%_FNCNAME%(0,13,1)= 0.0, -3, 0, 2, 0, 0, -1 
%_FNCNAME%(0,14,1)= 0.0, -5, 0, 1, -1, 17, -3 
%_FNCNAME%(0,15,1)= 0.0, -1, 0, 1, -4, 1, -5 
%_FNCNAME%(0,16,1)= 0.0, -3, 0, 1, -2, 3, -1 
%_FNCNAME%(0,17,1)= 0.0, -1, 0, 0.00025, 0, 0, 0 
%_FNCNAME%(0,18,1)= 0.0, -2, 0, 2, 0, 0, -1 
%_FNCNAME%(0,19,1)= 0.0, -4, 0, 1, -1, 17, -2 
%_FNCNAME%(0,20,1)= 0.0, -1, 0, 1, -3, 4, -4 
%_FNCNAME%(0,21,1)= 0.0, -1, 7, 1, -1, 0, 0 
%_FNCNAME%(0,22,1)= 0.0, -2, 0, 3.58e8, 0, 0, -1 
%_FNCNAME%(0,23,1)= 0.0, -3, 0, 1, -2, 3, -1 
%_FNCNAME%(0,24,1)= 0.0, 99, 0, 1, -3, 0, 0 











9.3. Pure titanium thermal properties 
 
Pure titanium data (KOLOSSOV, 2004). 
 
Specific heat Thermal 
conductivity 
°C J/KgK °C WmK 
6.52 512.53 6.68 22.4 
19.3 516.95 29.82 21.9 
33.9 524.33 79.45 20.99 
128.81 543.53 129.17 20.4 
227.38 567.89 228.73 19.69 
325.95 592.99 326.75 19.4 
428.16 618.09 428.18 19.4 
526.73 643.92 526.36 19.71 
627.12 669.02 626.26 20.18 
725.68 694.12 727.82 20.69 
778.62 705.93 826.09 21.3 
826.08 719.22 927.71 22 
880.83 731.77 1027.69 22.79 
926.47 622.77 1127.68 23.6 
1026.86 622.82 1226.03 24.51 
1125.42 622.88 1327.68 25.3 
1225.81 664.18 1429.35 26.2 
1328.03 702.54 1527.7 27.1 
1426.6 756.37 1627.7 27.97 
1526.99 827.87   
1625.55 916.32   
 
 
 
 
